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20. \{ontinued.
\\lehe Optical Angular Motion Sensor (OAMS) Program, Phase II,
consisted of the fabrication and testing of a prototype model

to demonstrate compliance with OAMS performance requirements. The
qualification model consisted of a transmitter, a receiver, and an
electronics assembly. The alignment information was transmitted

between the transmitter and receiver on three discrete polarized
beams .

A prototype flight model was designed and the components for
two (2) units plus spares have been acquired.

k\"‘"’The primary objective of this program was to re-package the
brassboard design of Phase I to reduce power, weight and size, and
to improve reliability and maintairability. The performance of
each of the three channels was improved by the use of higher power
LEDs, more efficient collecting ontics, and higher responsivity
detectors.

Preferred and military standard parts were incorporated to
maintain performance and ensure qualification of flight hardware.

Performance and calibration tests were performed to show
compliance with the sensor requirements, and to generate system
equations, i.e. curve fitting. Thermal testing was performed on
the brassboard unit to demonstvate performance over a 40-100 de-
grees Fahrenheit temperature range. All Phase II work was
performed at a separation distance of the transmitter and receiver
heads of 50 feet,
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SUMMARY

The Optical Angular Motion Sensor (OAMS) Program, fhase 1I, consisted
of the redesign and conversion of the Fhase 1 OAMS Brassboard into a
qualified Advanced Brassboard having a sigrificant improvement in perform-
ance and reliability. The Phase II objective was to develop a modular OAMS
design to provide the benefits of standard componenis and interchangeability.
Component specificaiions were generated from the results of the Advanced
Brassboard Tests and a prototype Flight Model was designed. Long lead time
components for two (2) Flight Model instruments plus spares were purchased.

In Phase II modifications were made to the Phase I design which pro-
vided increased performance and allowed the range to be extended from 25 io
50 feet. Th¢ modifications included:

o The utilization of three different LED light sources which
became available after the Phase I effort. These LED's were
of a higher power output than those of Phase I.

o To accommodate the new LED's, a different collimsting lens
system was incorporated. The Phase II lens system utilized
aspheric collecting optics which increased the light
collection efficiency.

o The Phase I detectors were replaced by detectors having a
kigher responsivity.

o The electronics were replaced by preferred and military
standard parts to maintain and improve performance and
maintainability.

Qualification testing and evaluation was performed on all new com-
ponents and a reliability program was performed in accordance with applicable
parts of MIL-STD-1543 and statistical reliability studies were performed on
sub-gystems and systems.

Calibrationu curves were obtained from the Advanced Brassboard from which
curve fitting polynominals were generated. 1In addition thermal testing over
the range 40 to 100 degrees Fahrenheit was performed.

Independent tests were performed by the Guidance Test Division of
Rolloman Air Force Base.

The feasibility of using the polarization concepts in triaxial atti-

tude sensing was demonstrated, and in Phase II Flight Hardware was designed
and Advanced Brassboard Hardware was built

iv
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PREFACE

Chrysler Corpuration Michoud Defense-Space Division submits this
final report, which covers the work performed in compliance with the work
statement of contract F04701-76-C-0044. This contract was issued by the
Department of the Air Force, Headquarters Space and Missile Systems
Organization (SAMSO), AF Unit Post Office, los Angeles, California 90009.

The program included the redesign and modification of %he Phase I
Brassboard of a 3-axis Optical Angular Motion Sensor (0AMS) into an Advanc-
ed Phase II Brasshoard. Qualification tests were performed on the Advauced

Brassboard from which component g¢pecifications and a design for a Flight
Model were generated.

The authors acknowledge many helpful discussions with Messrs. M. Arck,
J. Redmann, G. Anderson, E. Farr, Dr. T. Kazangey, I. K. Egashira, J. ilowell

and J. Hall of Aerospace Corporation, Lt. G. Shaw and Capt. G. Rhue of
SAMSO and K. Miles of Holloman A.F.B,
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1.0  INTRODUCTION

Space missions, both present and projected, require precise alignment
information of sensors with respect to the spacecraft reference axes. If
the sensor is lo.ated some distance from the reference baseplate, as is often
the case, structural flexure during flight can result in significant mis-
alignment errors. As spacecraft become larger this separation distance
increases to the point that no system exists which can monit.r this relative
alignment with the sufficient accuracy raquired for precision space applica-
tions. The Optical Angular Motion Sensor (OAMS) offers a solution.

Conventional methods of optical alignment are basically modifications
of autocollimation techniques. These techniques involve the precise measure-
ment of the position of the center of an image in the focal plane of an
objective lens. Accuracy is improved by increasing the focal length <ince
a given angular deviation would then produce a larger displacement of the
image in the focal plane. Arc-second accuracy usually requires focal lengths
of about thirty inches. The length in general creates additional problems
of mcunting, portabilit. and maintaining internal aliznment.

However, there are more basic limitations of autocollimation. First,
with presently available image positicn sensing devices, accuracy is increased
only by sacrificing measurement range. Beyond a certain range the device only
indicates the direction of displacement and not the degree of displacement.
Autocollimation devices having arc-second resolution generally have a measuring
range of a few minutes of arc. (This measurement range can be increxsed by
the use of cor "licated repositioning of components in the focal plane. How-
ever, the absolute accuracy suffers and the dynamic response is gresatly reduced
due to the moving compor~nts.) The second disadvantage of autocollimation is
the requirement for hig’' guality optics over the measurement rangz. For arc-
gecond resolution difirzction limited optics is a necessity. This require-
ment greatly increases the cost and the complexity of the sys:em.

OAMS replaces the long focal length by an Angle Sensing Crystal. In
fact, an objective lens is not required. The only requirement is an optical
system to direct the light to the detector as {t emerges f{rom the Wollaston
prism, Since imaging is not required, these ootics can be extremely compact
and low cost, The total optical train for an .irc-second resolution instru-
ment can be made to have a total length of les: than six inches as opposed to
thirty inches for an autocollimator.

In addition, the measurement range of OAMS can be »~»tl.ilid to ten de-
grees or more by trading absolute resolution and field of view without sacri-
ficing dynamic response. (An autocollimator hss only a very small measurement
range - vhen this is overcome by the use of moving parts, the overall accuracy
and dynamic response suffers.)

Internal alignment tolerances are virtually non-existent compared to an
autocollimator. The absence of moving parts may increase reliability and re-
sistance ¢o vibration and shock.

OAMS is a three axis angular motion sensing device whose output signals

indicate the relative angular displacement between its twe main parts, trans-
mitter and receiver, The transmitter emits three beams of polarized modulated

1-1




light, one beam for each of three axes. The receiver converts the light

of each beam into an electrical signal proportional to the angular displace-
ment of its corresponding axis. Thus roll, pitch, and yaw (reference axis
being the line-of-sight between transmitter and receiver) are constantly
monitored.

0AMS Phase I was development of the preliminary design Phase 0. OAMS
Phase 0 was a conceptual study and preliminary design. The results were
used as a basis for OAMS Phase II which involved the design, development,
fabrication, and testing of a brassboard demonsc¢ration model. Documentation
and specifications produced crnd used in these three Phases were:

Final Report SAMSO-TR-75-120
Final Report SAMS0-TR-73-6
Performance Evaluation

Test Plan CEI No. 73-6--TP
Prime Item Development

Specification CEI No. 73-6 Rev. A
Silicon Photodetector CEI No. 73-6-A Rev. A
Emitting Source

Pitch Channel CEI No. 73-6-B Rev. A
Emitting Source

Yaw Channel CEI No. 73-6-C Rev. A
Emitting Source

Roll Channel CEI No. 73-6~D Rev. A
Argle Sensing Crvstal (ASC) CEI No. 73-6-E Rev. A

Other potential areas in which the OAMS system may be used sre:

a8) Transfer reference alignment between guidance platform and
tracking mounts

b) Alignment of communications satellite to earth

c) Alignment while tracking space targets

d} Angular monitoring of space objects

e) Transfer of alignment to mounts external to spacecraft

f) Transfer of alignment between tracker and pointing of high
energy lasers

g) Missile aiming

h) Structure flexure monitoring

|




2.0 OBIJECTIVE

%g 2.1 General

The objective of Phase II was the design of a flight model of the Optical
Angular Motion Sensor (0OAMS) to show compliance with its performance require-
ments in the anticipated environments, as set forthin SAMSO Specification 7346.
The development model was bench tested at Kolloman A.F.B.

201.; GOalS

The performance goals vwere a) angular deflection measurement to an accu-
racy of T 2 arc second (3 axis 1 sigma), b) measurement range ¥ 0.25 degree
about Line of Sight (LOS), and c) operation at a distance of 15.2 meters (50
feer),

2.1.2 Engineering Tasks

The following major engineering tasks were performed:

a. Data analysis and evaluation. Analyze data obtained during Phase I
and obtain additional data during Phase I1. Evaluate OAMS perform-
ance for short and long term stability,

b, Evaluate the demonstration model design and parametric analysis
documeuted in Phase I Final Report.

i . ¢. Conduct design verificatioan/development tests as specified {n the
: approved test plan.

2.1.3 Performance Requirements

The following list defines the major performance required for an OAMS
System,

a. Functional charscteristics

b. Performance characteristics
1. Measurement range; 5. Saturation chairacteristics
¥ 900 arc sec 6. Response time; 10 hz
2, Calibration 7. Operating distance; 15.2
' 3. Accuracy meters
4. Output signals; 1.C mv/ 8. Temperature range; 40-100°F
arc sec

c. Mechanical interface

d. Functional i.terface

e, Optica’ interface

f. Volume

A T A T
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2. Weight
h, Structure design
i. Nuclear survivability

2.1.6 Coatract Data Requirements List

Documentation required for prongram

2.1.5 Amendment P0001 - Increagse in estimated cost and fixed fee.

2.1.6 Amendment P0O002 - Contract change to redesign OAMS flight model.

2.1.7 Ameadment 20003 - 1Increase incremental funding.

2.1.8 Amendment P0004 - Increase incremental funding.

2.1.9 Amendment PO005 - Increase incremental funding.

2.1,10 Amendment P0006 - Increase funding to cover the ordering of
long lead items.

2.1.11 Amendment PO0C7 - Increase incremental funding to cover cost
of OAMS test at Holloman AFB, Wew Mexico.

2.1.12 Amendment P0J08 -~ Additional funding.

2.1.13 Amendment PO009 - Realign the work effort i{n accordance with
new schedule.

A summary of the results for each listed item follows:
Item 2.1.1: Performance goals a,b and ¢ met under all test conditions.
Jtem 2.1.2: Enginecring tasks completed:
a. Data analysis and evaluation
b. Model design ~valuated; parametric analysis documentated.
c¢. Design verificatior/development tests conducted.
Item 2.1.3: Performance Requirements

a. Functional characteristics of the system met the
general requivements of the OAMS system

b. Performance characteristics met pitch, roll and yaw
requirements.

2-2
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The following primary requirements were:

1. Heasurement range - The angular range met the goals
of 900 arc seconds in each axis.

2. Calibration - Calibration curves are generally a sine
curve and can be defined by a low orcer polynomial of
less than six terms.

3. Accuracy - Systematic errors generally met the require-
ments of less than % 5 arc seconds for rotations about
any single axis at the 900 arc seconds range.

4. Ouput signels of the brassboard are adjustable to 1 mv
per arc second.

5. Response time - 10 Hertz requirement was met.

6. Operating distance - required distance of 50 feet was met.

7. Temperature range - determination of performance throughout
the range 40° - 100° needs further effort.

8. Mechanical interface - Lo be dezrermined.

9. Functional interface - to be determined.

10. Optical interface - requirements met.

11. Volume - transmitter and receiver met volume requirements.,
12. Weight - transmitter and receiver met weight requirements.
13, Multiple targets - not applicable to Phase II.

14. Structure design - mechanical and thermal requirements met.
15. HNuclear survivability - Study only. (Appendix A)

CDRL - All documents submitted.

The reports that were produced during the Phase 1 contract
were:

General Test Plan (OAMS Brassboard) - CEI No. 73-6-TP, Rev A

Critical Component Test Plans - CEI No. 73-6-CCTP

Configuration Prime Item pevelopment Specification - CEI
No. 73-6, Rev A




Configuration Item Critical Components Specifications:

Silicon Photodetector - CEI No. 73-6-A, Rev A

Emitting Source - Pitch Channel - CEI No. 73-6-B, Rev A
Emitting Source - Yaw Channel - CEI No. 73-6-B, Rev A
Emitting Source - Roll Cha,nel - CEI No. 73-6-D, Rav A
Angle Sensing Crystal - CEI No. 73-6-E, Rev A

Final Technical Report - SAMSO TR-75-120

The reports that were produced during the Phase II contract
were:

Optical Angular Motion Sensor Phase II - Final Report,
May 1977.

Critical Design Review April 1977.
0AMS Evaluation After Temperature Testing, November 1976.
Freiiminary Design Review, March 1976.

Item 2.1.5: Amendment POOOl - Modified the contract to cover ordering the
neceszgary long lead items for redesign and rebuild of the brassboard
elextronics.

Jten 2.1.6:  Amendment P0002 - Modified contract to cover effort to be
performed in the design of t. = OAMS flight model up to the completion of
Critical Design Review (CDR).

Jtom 2.1.7: Amendment P0O0O03 - Increased the incremental funding.

Jten 2.1.8: Amendment POOU4 - Increased incremental funding to cover
period througk 15 August 1976,

Item 2.1.9:  Amendment PD005 - Increased incremental funding to cover
period through 30 September 1976.

1teg 2.1.10: Amendwent P0006 - Modified contract to cover the ordering
of long lead time itews required for fabrication of the qualification and
flight model; increased funding to vover this additional procurement.

item 2.1.11: Amendment POOO7 - Covered cost of participating in testing
the OA'” Syacem at the Central Inertial Guidance Tes: Facility, Holloman
AF3, Nocw Mexico. Increased allotted incrementai funding to cover estimated
sexfod throupti 15 Harch 1977.
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Item 2.1.12: Amendment PO008 - Provided additional funding for estimated
coverage through 30 November 1976.

Item 2.1.13: Amecndment PO009 - Work effort realigned in accordance with
new schedule; Final Report delivery date: 3! May 1977,

2.2 Design

The design areas covered in Phase II were twofold: 1) a redesign of
the Phase I Brassboard into a Phase II Advanced Brassboard suitable for
qualification testing, and 2) the design of a prototype Flight Model.

2.2.1 Advanced Brassboard Design

The Advanced Brassboard was a modification of the Phase I Brassboard.
The areas of major redesign consisted of the following:

Transmitter

o LED's - the Phase I LED's were replaced by LED's having a
higher light output.

o Ffollimating Lenses - the collimating lenses were changed to
accommodate the new LED's and to provide the required field
of view for Phase II. (This change was made only in the
pitch channel for crmparison purposes).

o Mechanical - mechanical changes were made in component mounting
hardware to accommodate the new LED's and Lenses.

Receiver

o Detectors - the Phase I detectors were repluced by detectors
having a higher effective responsivity.

o Objective Lenses - new objective lenses were incorporated in '
the receiver to accommodate the detectors and the required
field of view.

o Mechanical - mechani~al changes were made in the detector and
less mounting hardwaie to accommodate the new components.

Electronics

o Standard Parts - where possible preferred and military standard
perts vere used.

o Power Consumption - reduced power consumption was achieved by

redesign of the power supply and LED drivery. The power con-
sumption was reduced from 150 to 20 watts.

2-5
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2.2.2

Onerational Amplifiers - the operational amplifiers were replaced
by units having low noise, low output offset, and low output off~
set drift with temperature.

Packaging - The electronics were repackaged into a smaller volume
and weight configuration, Modular design was {ncorporated to
improve maintainability,

Flight Model

The Advanced Brassboard was tested. From the results of the testing
and from additional analysis a design and component specifications were
generated fot a prototype flight model. In addition to the testing of the
Advanced Brassboard the following design and/or analysis was performed,

Transmitter

o

Angle Sensing Crystal - The Angle Sensing Cristal rhickness was
changed from 2.0 to 3.0 wm to accommodate the required field of view
of the flight model,

Mechanical - mechanical redesign was performed to provide for new

(o]
components and flight model configuration.

o DOptical Ray Trace - an optical ray trace was performed on the
transmitter optical design.

Receiver

o Angle Sensing Crystal - the thickness was changed from 2.0 to 3.0 mm
to provide for the required field of view.

o Filters - the roll channel filter was changed from 930 mm to 935 mm
to accommodate for a slightly differemt LED peak wavelength from
the Phase I design.

o Mechanical ~ mechanical redegign was performed to provide for new
components and flight model configuration.

o Optical Ray Trace - an optical ray trace was performed on the
receiver optical design.

Electronics

o Relisbility - "§" level failure rate comporents were chosen if
available from manufacturerr, K-n "s" level components were selected
for the lowest failure rate manutactured.

0 Packaging - the electronics were repackaged to meet the size and

maintainability requirements in Prime Item Spec., CEI No. 73-6,
Rev, A.

2-6




o Power Supply - the power supply was optimized for system
efficiency.

2.3 Summary of Resuits

2.3.1 Summary of Phese O

In the initial phase of the OAMS Program, concepts that could be
used for angular measurement were identified and evaluated. A concept
making use of the polarized nature of radiation and the interaction of
polarized radiation in optical crystals was selected as the 0OAMS concept.
The feasibility of the concept was proven analytically and demonstrated
experimentally in the laboratory. A preliminary design of an angular
measurement system based upon the polarization ¢ ‘mcept was accomplished.
The preliminary design included the generation of optical, mechanical
and electrical drawings.

2.3.2 Summary of Phase 1

A brassboard OAMS system was fabricated and tested to evaluate the
capability of achieving the required goals. The feasibility of using
polarization and birefringent crystals for precision angular measurement
was demonstrated. The brassboard demonstrated that relative angular motion
in roll, pitch and yaw could be measured to an accuracy of better than five
arc seconds.

e vy g

The test results of the brassboard were generally within the prototype
requirements. Translation errors were greater than expected. An analysis
of this problem resulted in a redesign of the LED control loop to compensate
for the variations in the energy profile of the LEDs while moving across
the field of view. The new LED control loop was installed in the brassboard.

The signal to noise ratio of the roll channel was higher than expected due
to decreased light levels, At 25 feet the resolution was below requirements but
at 10 feet they were satisfactory. The internal optical system was degrad-
ed due to components variation from specifications. This situation was
corrected during the program extension.

The Light Emitting Diodes in the pitch and yaw channels degraded
during tests and in the brassboard tests. They were unsatisfactory for
flight hardware and were replaced by another type of LED.

2.3.3 Summary of Phase II

; All the components that will e used in the flight model were

E | purchased and assembled into an advanced brassboard model (only the relia-
bility level will be better for the flight models, cost and delivery time
were the reason for this level of components in the advanced brassbcard

‘ model).

[ ———

v
« »
A A AP A 1 85 0
-

i Hhm&

e e




i The transmitter head in an advanced brassboard configuration is
1E? complete. This includes components that will be used in the flight model.
Due to funding and time limitations only the pitch channel in the advanced
brassboard transmitter head was completely changed to the flight model de-
sign. Assembly and detail drawings are available for this configuration.
The flight model design is a particular back mounting configuration and is
shown in general assembly drawings.

The receiver head in ap advanced brassboard configuration is complete.
This includes components that will be used in the flight model. Assembly
and detail drawings are available for this configuration. The flight mddel
design is a particular back mounting configuration and is shown in geneial
assembly drawings.

The electronics unit in an advanced brassboard configuration is com-
plete. This includes components that will be used in the flight model.
Assembly and detail drawings are available for this configuration. This
configuration uses all the electronics components that will be used in the
flight model but no flight model packaging was considered in the advanced
brassboard design; also, & test panel unit is incorporated in this unit.
Schematic, circuit and wiring diagrams are available and included on these are
general circuit board layouts. The flight model design is a particular
nounting configuration and is shown in general assembly drawings showing
printed circuit board positions and board component sensity layouts.
Schematic ci.cuit and wiring diagrams are drawn for the flight model design,
‘ this also includes a test panel unit.
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2.4.1 Applicable Documents

The following documents vere applicable to the OAMS Phase 1I program

to the extent specified ir the column entitled ""Tailored Application".

Document No.

MIL-STD-1543

MIL-STD-1521

MIL-I-45208A
16 Sep 63

SAMS0 Specifi-
cation No. 73-6
31 Dec 72

SAMSO Specifi-
cation No. 73-6
30 June 75

SAMSO STD 73-2C
2 Sept 1975

Title

Reliability Program
Fetuirements for Space
and Missile Systems

Technical Reviews and Audits
for Systems Equipmeut and
Computer Programs

Inspection System
Requirements

Prime Item Development
Specification for an Opti-
cal Angular Motion CEI
Part 1

Specification for an Opti-
cal Angular Motion CEI
Part 1

SAMSO Electronic Parts
Standard

Tailored Application

Para 4.0, 4.1, 4.3

4.5, 4.5.1, 4.5.2, 4.6,
5.1, 5.2.1, 5.2.3, 5.3,
5.4.1, and 5.4.2

Appen C, 30.2, 30.3,
30.4, 30.8, 30.9, 30.12,
30.18

ALL

ALL

ALL

To suit OAMS requirements
per modificetion PO0006 to
contract.
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2.4.2 Reference Documents for OQAMS Phase II

Document No. Date
MIL-E-8983A 30 Nov. 71 Electronic Equipment Aerospace
Extended Space Environment, K
General Specification for
MIL-Q-9858A 16 Nov. 63 Quality Program Requirements K
USAF Specifica- 3 Nov. 5¢ Control of Non-conforming
tion Bulletin 515 Supplies
SAMSO CEI Spec. 31 Dec. 72 Prime Item Development Specification
73-6 for an Optical Angular Motion Sensor
MIL-STD-891A 1 June 72 Contractor Part Control and
Standardization Program
MIL-STD-1515 2 Oct. 72 Fasteners Used in the Design and Con-
struction of Aerospace Mechanical Systems
SYGS Exhibit 15 June 70 Nuclear Survivability
10002 Revision 1
h SAMSO-TR-73-6 31 Dec. 72 Optical Angular Motion Sensor
Concept Definition and Preliminarxy
Design Phase
Test Plan No. 31 Dec. 72 Performance Evaluation Test Plan
73-6-TP for the Engineering Prototype of
an Optical Angular Motiocn Sensor
Test Plan No. 15 Mar. 76 Genera! Test Plan for the Engineering
73-6-TP Prototype of an Optical Angular Motion
Revision A Sensor.
SAMSO-TR-75-120 30 Apr. 75 Optical Angular Motion Sensor
Phase I Final Report ;
|
Test Plan No. 15 Sep. 76 Performance Evaluation Test Plan for !
E0-76, TR-1 the Brassboard of an Optical Angular .
Motion Senscr '
Test Plan No 15 Nov. 76 Optical Componant Performance
%0-76 TP-2 Evaluation Test Plan for a Brassbcard

of an Optical Argular Motion Sensor
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F:? 3.0 POLARIZATION TECHNIQUES
3.1 Polarization

Polarization is a property which defines the transverse nature of
light electric waves. Fully polarized light is characterized by orienta:
tion of all the electric wave transverse planes in one direction. Un-
polarized light is characterized by the transverse plane orientation being
equally distributed in all directions. Partially polarized light is a
combinatijon of the two conditions. .

Light or radiation is not fully defined until its Stokes parameters
are known. In 1852 G. G. Stokes defined four unique characteristics of
light which fully describe its intensity and polarization components. The
parameters are generally illustrated by the following vector referred to
as the Stokes Vector.

- SO-
51
S2
~ | 53 _
. vhere S0 - intensity of light (polarized and unpolarized)
; S1 - horizontal’/vertical) plane preference
3 82 - 45 degree/(-45 degree) plane preference
S3 - right/(left) hand circular preference .

These are the unique characteristics of polarized light that cun
be separated, identified and measured.

Each Stokes parsmeter has the dimension of intensity and applies to

polarvized light when treated as a quasi-monochromatic wave. Super position
4 techniques are used for wide optical bands not meeting the quasi-mone

chromatic condition by dividing it into & number of quasi-mcnochromatic
wavelength bands. The parameter Sy represents the total intensity. The
parameter S; is equal to the excess in intensity of light transmitted by
& polarizer that accepts iinear polarization in the azimuth € = 0 degrees
over the light transmitted by & polarizer that sccepts linear polarization
in the azimuth © = 90 degrees.

The parameter Sy has a similar interpretation with respect to the
azimuths @ = 45 degrees and & = 135 degrees. Finally, the parameter Sq )
. is equal to the excess in intensfty of light transmitted by a device :
that accepts right-handed circular polarization over the light transmitted .
by a device that accepts left ‘handed circular polarization. A positive
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Stokes parameter value indicates a horizontal, 45 degree, or right circular
preference, whereas a negative value indicates its orthogonal component;
that is, vertical, -45 degrees, or left circular preference.

The Stokes vector, in sddition to dufining polarized 1i{ght character-
istics also provides a useful tool for systematic analysis of polarized
light. Through the use of Mueller matrices for polarized optical elements
such as quarter-wave plates, polarizers, modulators, Wollastons and ana-
togous components it 1is possible to predict the resultant polarized light
characteristics after passing through a series of these elements.
Reference 2.

Technigues

Numerous polarization systems have been designed and built for
measuring angles by means of measuring changing polarizacion parameters
such as phase relationship.

The first phase of this study was the review of krown polarization
systcus for adaptability to spacecraft requirements as outlined in the OAMS
technical requirements for performance and design.

Earlier programs had utilized several modulation techniques which
included rotating polarizers, oscillating crystals, Kerr cells, light
choppers, electro-optical light modulators (EOLM), scanners, and source
modulation.

Of this group, both the EOIM and source modulation have several
advantages for use in OAMS system as such devices are static (non-moving).
The polarization modulation technique can be demodulated with synchronous
detection techniques offering excellent, narrow band, signal-tc-noise
characteristics. A disadvantage associated with the EOLM concept is the
high operating voltage of the device. Modulation of the source with either
continuous wave (CW) or pulses offers a low voltage system but results in
more complex data Landling subsystems.

A new system was developed which combines 2 LED sources multiplexed
into a single modulated polarized light beam. 'This accomplished the ad-
vantages of the EOLM and low voltage modulation requirements of a space-
craft.

The next requirement was the projection of & polarized light beam
from the transmitter with a defined polarization signature which will not
change unless birefringence is introduced. This was accomplished by the
use of birefringent crystals which establish and meintain the polarization
ctaracteristics as a function of the angular relationship of the light to
the crvstals.
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3.2 Roll Axis

In the case of roll measurement about the LOS, the transmitter Wollas~
ton prism passes two orthogonal plane-polarized beams of light (one plane
assocated with each LED) which are oriented in a fixed manner to the trans-
mitter body. The receiver Wollaston prism (which is rotated about its
axls 45 degrees to the transmitter prism) splits each polarized LED beams
into two orthogonal wmponents thz' fall onto two separate detectors. At
zero roll angle, both components of each LED are equal and the difference
in the output of the two detectors is zero. For non-zers roll angle, the
light from each LED is not equally dJistributed to the detectors and the
difference is a measurz of the roll angle.

A translation of the receiver across the transmitter beam should

not be sensed, since the orientation of the polarization from each LED is
uniform across the beam, and is not affected by translation. Separation
of the signals ir the three channels is achieved by using LEDs of three
different output wavelengths (permitting use of optical bandpass filters)
and by using three electrical modulation frequenc.es (one per channel) to
drive the LEDs, permitting electrical filtering. The Roll channel LED
wavelength is 935 nm and its modulation frequency is 925 hz,

3.3 Lateral Axis

In the case of pitch and yaw axis sensing, polarization angle measur-
ing techniques have been developed by Chrysler. Earh axis is sensed in
an identical manner, thus the description to follow aprlies to both. The
primary optics of the transmitter consist of a Wollaston prism, quarter-
wave plate and an ASC. The receiver optics consist of a matching ASC,
Wollaston prism and filter. The ASC war developed to introduce optical
(polarization) phase chift between the ordinary and extraordinary rays
a8 a function of the entrance of light. The ASC is composed of two iden-
tical birefringent crystals with the optical axis oriented at 45° to the
surface of the ¢ rstal, The two crystals are turned at 90° to each other
so that the extraordinary and ordinary rays of the polarized light passing
through the first crystal are transposed in the second crystal as shown
in Figure 3-1.

A zero optical phase shift between the e- and o-rays will occur for
light perpendicular to the surface of the crystal. But for light not per-
pendicular, the phgse retardation cf the polarized light leaving the crys-
tal will change as a function of the entrance angle. The crystals have
one sensitive axis and one insensitive axis. The sensitivity of the angle
sensl ng crystal is a function of the crystal line material and its thick-
ness (see Ref, 3),

The quarter-wave plate positioned betwee-. the transmitter Wollaston
and ASC converts the diverging orthogonally polarized beams from the
two LEDs to circularly polarized beams, one left-handed and one right-
handed. As the diverging beams traverse the tranamitter ASC, the circularly
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polarized beams become elliptically polarized, the degvee of ellipticity
being a function of the angle of the beam with the ASC surface. The ASC

in the receiver is reversed in ovientation (i.e. backwards) to that in

the transmitter, and as long as the two ASCs are parallel, the ellipticity
introduced by the transmitter ASC is cancelled by the receiver ASC, result-
ing in circularly polarized beams. This featire permits lateral transla-
tion without affecting pitch or yaw measurements, When the circularly
polarized beams are split by the Wollaston prism, the two detectors receive
equal irradiance from each LED and the difference is zero, indicating zero
pitch (or yaw) angle., When the face of the receiver ASC is not parallel

to the face of the transmitter ASC, the resulting beams on the receiver
Wollaston prism are elliptically polarized (rather than circular) cnd the
two detectors are given unequal amounts of irradiance from each LED, with
the difference being indicative of the pitch (or yaw) angle. The pitch

and yaw channel sensitive axes are orthogonal and signal separation is
accomplished by light sources of different wavelengths (810 mm - pitch

and 850 nm - yaw). This separation is enhanced by the use of optical fil-
tering and by driving the light source at different frequencies (one octave
separation).
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4.0 RECOMMENDED CONCEPT

The present Advanced Brassboard design and subsequent recommended
flight model are a derivative of three stages of study/work effout.
The first stage called OAMS Phase O investigated various concepts for
0AMS applications that would meet the program requirements. Thisz in-
vestigation considered the latest state-of-the-art components in the
evaluation effort to determine their feasibility in OAMS use, During
the latter portion of this effort, a single channel breadboard of the
recommended concept was assembled to demonstrate its feasibility.

The recommended concept from Phase O consisted of three channels
uged in measuring angular movements in pitch, roll and yaw. Baric to
the system is the generation of plane polarized light and tc operate
optically and electronically on this light to extract the desired an-
gular information. Physically the OAMS is made up of three unicts,
namely a transmitter, receiver and the electronics for processing pur-
noses, Each channel, at the transmitter, uses two LEDs that are elec-
trically driven in a manner where the emitted light is amplitude modu-
lated at a frequency with one octave separation betwecn channels. In
addition, each LED pair is chosen to emit light at a distinct wavelength.
With frequency and wavelength separation, plus the use of a narrow band-
width optical filter (selected for each channel) at the receiver, cross
axis interference from the signal sources is negligible.

Common to all channels at the transmitter is the focusing lens and
a Wollaston prism. This configuration describes the roll transmitter
channel. A quarter-wave plate and an ASC arc the additional optics re-
quired for each of the pitch and yaw channels,

The receiver unit is -tithin the cone of light projected by each
channel. Th® unit contains three distinct polarization sensing assem-
blies. The pitch and yaw channel assemblies are each composed ¢f an
ASC (mutcited to the transmitter ASC), a Wollaston prism, optical filter,
focusing lens arnd two detectors. The roll assembly is similar but does
not contain the ASC.

The electronic unit takes the difference of the a.c. signal from
the detector pair and in conjunction with the d.c. sum signal operutor
on the differential signal as an Automatic Gain Control (AGC). The AGC
adjusts the differentigl signal to compensate for varying light level
changes. A LED control loop is employed to balance the light output of
the two LEDs.

OMMS Phase 1 implemented the concept described in "Phase 0" with
a brassboard design. As a result of tests on this design, several im-
provements were recommended towards the latter portion of this phase.
These improvements consist of 1} high light output and longer life LEDs,
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2) improved LED control loop, 3) larger active area and higher respon-
sivity detectors, and 4) improved circuit design., 1In Phase II, the
recommended design changes of Phase I were incorporated in a new ad-
vanced brassboard design. Tests made on this latest design indicated
areas of additional design improvements and optical adjustment method-
ology for the present recommended flight model desigm,
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PARAMETRIC AMALYSIS NOMENCLATURE

. Ay Op amp open loop gain; volt/volt
Age Trassconductance of CONT LED drive amp: mhos i
. Ag nth signal peak amplitude; mv 3
i Avh Horizontal detector/pre-amp transresistance: ohms
é Arc Transresistance of CONT LED light path: ohms |
% Apy Transresistance of REF LED light path; ohms
; Ary Vert-cal detector/pre-amp transresistance; ohms
% ASCR RCVR Angle senging crystal operator
z ASCp AMIR angle sensing crystal operator
% Ay Voltage gain of detector/pre-amp circuit; volt/volt j
§ A Nofse voltage gain of detector/pre-amp circuit; volt/volt j
1/a Lead/lag network attenuation factor
By uth signal peak amplitude (mv);

Noise bandwidth (hz)

b, Factor used to account for LUD inefficiency and light

A c?

2 attenuation

L c Abbreviation for cosine term
Cj Detector junction capacitance; pf

é CP Bypass capacitance; gf

g ec Control signal time-varying woltage; mv

'! €4 Differential time-varying voltage; mv
ey Detector/pre-amp instantaneous voltsge; mv
€n Op amp thermal spot wvoltage noise; nv/(hz)%

% ;. enf Peedback resistor thermal voltage noise; ;1v/(hz)%
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, v
e ittector/pre amp thermal voltsge noise; pv/(hz)?

nu
d €o¢ Oscillator time-varying voltage; volts
€nos System output thermal voltage moise; mv rms
eo Processing branch time-varying voitage; mv
e Processing branch time~varying full-wave voltage; mv
eg Sum instantancous voltage (mv);

Square wave time-varying voltage (volts)

ey Detector/pre amp instantaneous voltage; mv
£; ith frequency; hz
fn 10 hz filter cerner frequency; hz
fo Op amp 15% break frequency; hz
G(s) Forward loop gain; volt/volt
G, (ONT amp gain; volt/volt
k Gg Differential gain; volt/volt
Gg AGC 10 hz filtev gain; volt/velt
G QONT loop SYNCH DEMOD gain; volt/wolt
Gg Sum gain; volt/volt
Gy AGC divider gain; volt/volt
) H(s) Feedback loop gain; volt/volt
Iy Background light dc current component; ma
1. OONT LED dc¢ current; ma
I, REF LED dc current; ma
ie (ONT LED instantaneous current; wma
io OONT LED time-varying current; ma
Lan Horizontal detector instautanecus current; pfa
é iy Vertical detector instantaneous current: ga
g
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Op amp thermal spot current noise; pa/(hz)}5

Horizontal detector thermal spot current noise; pa/(hz)%

REF LED instantaneous current; ma

REF LED time-varying current; ma

CONT LED irradiance; w/cm2

Irradiance at RCVR, w/cm?

Irradiance at horizontal detector; w/cm?
Irradiance at vertical detector; w/cm2
REF LED irradiance; w/cm2

Irradiance at XMTR; w/cm2

Angular multiplying factor (arc sec./rad);
Total loop gain (volt/volt)

Degrees Kelvin

Optical angular gain; 23
Boltzmann's constant = 1,374 x 10° joules/OK

OONT LED Modulation index

REF LED Modulation index

General linear polarizer operator
Lead/lag pole radian frequency; rad,'sec
Quarter-wave plate operator

Damping resistor; ohms

Feedback resistor; ohms

1th resistor; ohms

Detector junction resistance; ohms

Op amp circuit input bias resistor; ohms
Detector series resistance; ohms

Responsivity of horizontal detector; smp/w

5=3




N—

Rgy Responsivity of vertical detcctor; amp/w
?gé S Abbreviation for sine terms

s Laplace operator

Y Stckes vector unpolarized light {REF or CONT) operator

S Stokes vector operator

T Temperature, °K

T(8,) Roll matrix operator

t Time

u Relative ratio of CONT to REF LED a.c. light signal

Ve Control voltage;
Divider denominatot dc input voltage; volts

Veos Control dc voltage offset; volte

Vo System output voltage; mv

Vs Sum dc woltage; volts

Vyos DC voltage offset at AGC divider denominator; mv

Vy pivider denominator dc voltage; volts

vy CONT divider or AGC divider instantaneous output voltage; wolts

Ve OONT divider or AGC divider instantaneous numerastor input
voltage; volts

WR RCVR Wollaston prism operator

Wp XMIR Wollaston prism operator

X Mean of noise data; mv

Xq ich noise dala; mv

z lead/lag network zero; rad/sec

« ASCT incident angle; arc sec.

Roll Channel nonorthogonality angular displacement; deg.
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Phase shift in QONT LED driver circuit; deg.

Dwmping factor of horizoantal detector/pre amp

Damping factor of 10 hz filter

Phase shift in REF LED driver circuit

Damping factor of vertical detector/pre mmp

ASCp incident angle ‘deg.)

Voltage feedback ratio of op amp circuit (volt/volt)
Irradiance difference of CONT and REF LED; w/cm?
Damping ratio of 10 hz filter

Damping ratio of detector/pre amp circuit

Detector/pre amp phase shifi; deg.

Generalized rotational angle; arc sec.

Total phase shift at 00! loop SYNCH DEMOD; deg.

Total phase shift at processing SYNCH DEMOD; deg.

Roll angular movement; arc sec.

AJ multiplied by siné, or cos{,; w/em?

Wr polarization plane angle assigned to CONT LED; deg.
WR polarization plane angle assigned to horizontal detector; deg.
Wr polarization plane angie assigned to REF LED; deg.
Wp polarization plane angle assigned to vertical detector; deg.
Sum

Irradiance sum of CONT and REF LED; w/cm?

System noise standard deviation; mv mms

Control loop phase shift; deg.

Phase angle due to CONT and REF LED driver caircuit reflected
in processing path; deg.
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Phase angle due to CONT and REF LEQ driver circuit reflected
in control loop; deg.

Op amp phase shift; deg.

Differcntial circuit phase shift; deg.

Sum circuit phase shift; deg.

Difference of £, and &, deg.

Sum of gr and éh; deg.,

Generalized phase shift; deg.

Ceneralized radian frequency; rad/sec.

Horizontal detector/pre-amp natural radian frequency; rad/sec
Op amp lst bresk radian frequency; rad/sec

Control loop 10 hz filter natural radian frequency; rad/sec

Vertical detector/pre-amp natural radian frequency; rad/sec

-
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5.0 PARAMETRIC ANALYSIC

This section summarizes pertinent findings where some are salient and
others riot so obvious without some detail analysis. The usual pattern followed
here is to present the analysis along with assumptions and rationale and then
confirm the results by actual laboratory measurements or comments on our ex-
perience while working with OAMS. The subjects discussed are: 1) the optical
model development for the lateral and roll channels along with analysis of the
effect of Wollaston nonorthogonality, 2) the control loop analysis and 3) the
detector/pre amp circuit analysis and special requirements necessary to main-
tain system electrical noise to a minimum,

5.1 System Equations

The system equations presented here are an outgrowth of the analysis des-
cribed in the OAMS Phase I report. Modifications are made to reflect our deeper
understanding, based upon many hours of experimentation with OAMS, of the sys-
tem operation and peculiarities. The intent is not to replace previous deri-
vations, but to update the models, where required, in order tec bring to light
a fuller understanding of the operating features of OAMS.

The optical model development starts with the application of the Mueller
matrices that describe the behavior of polarized and unpolarized light irradi-
ance through various optical elements used in OAMS. Of course the OAMS concept
is keyed upon the premise of optical paraxial characteristics, a key require-
ment in OAM5 applications. Using a similar approach, but under a separate sub-
section, equations relating the effects of Wollaston prixm nonorthogonality
are developed.

Following the optical model dcvelopment, the rationale and required alge-
bra are developed to interlink the electrical signal equations with that of
the optics to form one composite mathematical model. Interpretation of the
system equations is presented for each case. The model is not general since
to incorporate every feature greatly increases the complexity of an already
ccmplex model and muddles our perception of the importance of that one key
parameter that governs a particular aspect of OAMS operation.

5.1.1 Optical/Electrical Model Development

The objective of OAMS is to accurately measure (within 9 arc seconds)
the relative angular movements in pitch, roll and yaw, over a ¥ 15 arc minute
range, between a transmitter (XMTR) and a receiver (RCVR) separated by a ais=-
tance of 15.2 m, Signal separation enhancement for each channei is attained
by assigning each channel a particular spectral wave length and electrical
frequency. The unpolarized light source for each channel is darived from two
light-emitting - diodes (LEDs); one called Reference (REF LED) and the other
Control (CONT LED). The LEDs are chosen to emit light about a center spectral
wavelength of about 810 mm for pitch, 935 nm for roll and 850 nm for yaw. The
optical bandwidth (BW) for each channel i{s further modified by :n optical fil-
ter located in the RCVR. The a.c. light intensity for each channel is elec-
trically modulated at 925 hz for roll, 1850 hz for yaw and 3700 hz for pitch,
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The equations, describing the irradiance at the two detector surfaces
3 for the lateral channels (pitch and yaw) will be derived first. Following
kgﬁ the derivation of the roll irradiance equations, tne technique for coupling
the aptical and electronics into one compusite system equation will be pre-

sented along with our interpretations.

5.1.1.1 Lateral Channels

OMMS lateral channel optics for analysis purposes (Figure 5-1) is
divided into two sections, namely, the transmitter and receiver optics.
The transmitter optics consist of two LEDs, Wollaston prism (W), quarter-
vave plate (Q), and angle sensing crystal (ASCp). Each LED is electrically
driven by a d.c. and a.c. component. The composite is an amplitude modu-
lated light signal with the REF LED a.c. term driven 180° out-of-phase frum
that of the CONT LED, The resulting unpolarized light, from each LED, is
fed thru an objejtive lens (not shown) for collimation purposes. The trans-
mitter Wollaston prism (Wp) is reversed fed whereby the constituent LED
light is imparted along the prism's e-ray or o-ray patk. Wollaston devia-
tion angle between the two beams is determined by the prism's wedge angle.
(Note that REF or CONT LED position with respect to e~ or o-ray path is of
no concern since the OAMS angular polarity is controlled electronically by
the synchronous demodulator (SYNCH DEMCD) circuitry).

Light output from consists of a usable beam with one=half of the
total LED irradiance, and the rejected beam with the other one-half is de-
viated away from the system's central axis. The quarter-wave plate con-

B verts the usable beam into a right- or left-handed circular beam., It
should be noted, at this point, that the besm entering Q consists of two
components ~ one vertical (CONT LED) and the other horizontal (REF LED;.
Assignment of the CONT and REF LEDs to these planes for analysis purposes
is arbitrary and will only involve a polarity change should our assumption
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Figure 5-1., Lateral Axis Optics Schematic

be incorrect. As the diverging besms traverse ASCp, the circularly polar-
tzed beams become elliptically polarized, the degree of ellipticity being .
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a function of the angle of the beam with the surface of ASCp. AsCp

is reversed in orientation (i.e. backwards) to ASCy and as long as the
two ASCs are parallel, the ellipticity introduced by ASC; is cancelled

by ASCr, resulting in circularly polarized beams, This feature permits
lateral translation without affecting pitch or yaw measurements, The
beam enters Wp in the forward direction and the resulting output consists
of two beams, one horizontal and the other vertical, that are sensed by
the horizontal and vertical detectors. Following WR an optical filter is
used to narrow the BW to 32 nm for pitch and 30 nm for yaw. Also, not
shown on the diagram is the plano~-convex lens that focuses the beam to
the detectors.

Analysis of the pitch and yaw channels is identical with the exception
that their sensitive axes are orthogonal., The sensitive axis for pitch at
the XMIR is vertical while for yaw it is (orthogonal to that of pitch)
horizontal. Employing the Muller matrices listed in Table S-1 and the Stokes
vectors of Table 5-2, the irradiance at the transmitter aperture and at the
detectors is shown in operator form by Eq. (5-1) and (5-2).

Je = ASCp(a@,0°) Q(45°) 5(0°,90%) (5-1)

J, = wR(o°,9o°) ASCp (8 ,180°) T(8,) J, (5-2)

d

= wR(o°,9o°) AsCp (& ,180°) T(8,) ASCy(a ,0%) Qa5 ) 5(0°,90%)

Equation (5-2) is an exceedingly compact description of incident irradi-
ance at the detector surfaces and a few clarifying words are in order., When
expanding this equation, it must be remembered that matrices do not commute;
therefore they must be applied in the proper order. Other keypoints about the
equation and the matrix/vector elements are:

a. Stoke vector, 5(0°,90°) says the irradiance output from Wp is
composed of two orthogoral becams, one at zero degrees and the
other at 90 degrees (see ref, 1 and 2). 1In all cases the beams
are referenced to Wi and are always orthogonal (in the ideal
case).

b. The quarter-wave plate's fast axis (FA) was positioned at + 45°
rather than - 45° from the zero reference axis., This is an
arbitrary choice for OAMS and could have been just as well posi-
tioned at -45° without any degradation of system output.

€. ASCp and ASCR must be positioned in a complementary mode in
order for the incident gangles to subtract.

d. ‘The operator T(8,) rcprescents the roll geometrical relationship
between the Poincare' sphere {see ref. 2) and the Stokes vector. It
represents the effect of the system roll on the polarization state of
the beam and can be represented by a matrix very much like those used
in the rotation of coordinate systoms (right-handedness for this
casc) in cartesian geometry.

5=9
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Table 5-1,

Mueller Matrices

Lincar Opticul Elcements
and Operator Notations

Mueller Matrices

"+

wllaston prism I { 1 1 0 0
+
! <1 1 0 0
0 ) . 1/2 ¢}
wR(o ,90°) s - b 0 o 0
— '
0 0 0
IR S 1 S IS R I
Angle Sensing Crystal 1 0 0 0
0 0
ASCy (8 ,180°) 0 o o
-P -SkB 0 Ck&
1 0 0 0]
0 0 -
ASC_( 0’00) cka ska
T 0 0 1 0
¢ Sk 0 qu
Quarter-wave plate B 0 0 T o]
0 0 0 -1
Q(45°) /"
0 0 1 0 .
0 1 0 OU
1 0 0 0
0 0 0 1
«45°
Q(=45%) ™ 0 0 1 0,
Lo -1 0 o_i
Roll rotation transformation h 0 0 0]
0 C0, 520, O
(8 0 S, G, O
0 0 0 1]
i c 0]
General linear polarizer 35 325
R C C ChsS 0
Zg 2¢ 2¢ 2¢
P(L) 12+ |g CozSop S2 0
2 2%°2¢ "2§
|. 0 0]
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Table 5-2. Stokns Vectors

POLARIZATION STATE VECTORS
Lateral axes w,r output r 7 J-!
8 J|

172 - !

T (0", 90%) . 0i

: ;

L9

Roll axes WT output { Z J-'g
.0}

/2 ;

3¢45°) b dl

!

i

LED unpolarized light ]- Ji-;
({ = rorc) |
Loy
, ; 5
'Si : OI
L o
————————————————— -»————————1————————-1
Generalized for lateral f ZJi
channel W, output ; !
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- 1/2 | '
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: > f A J; : |
V2o P
; 8¢ G.r. Ec) , A Ji ;
s L 9 l i
3 4 3
:. -+ :
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Since S(0°, 90°) is a column vector the resuvlting composition of

Jg is also a column vector. The first term (first row) of the
resulting column vector is the incident irradiance and the other
terms describe the polarization state of the beam.

Substitution of the appropriate matrices for the operators sitown in
Eq. (5-2) and performing the indicated multiplication, tbe following irra-

diance equation {3 derived:

Jg =Rt BT ()03, Sy Cop S Gg) ) (5-3a)

Pleasc note that the terms € and S are short hand notation for cosine
and sine, respectively., Substitution of the trigonometric fdentity

Koy | ke KB T Ga Sip

into Eq. (5-3a) vields,

Jy= ks (M s ISy (45 ) Sk Gp (1-c29r))} (5-3b)

Assumpticn No., 1 -

The third term in Eq. (5-3b) is much smaller than the second
term. This is particularly true for 9_'s of 1800 arc second
or less, plus the product of skapkﬂ wifl further diminish the

third term.

Therefore, the irradiance at the horizontal and vertical detector surfaces
is:

Ty = ECEI = 838 0 y) (S5-4a)

(5-4b)

= ' N
Jiv W(5J ¢+ éJSk((x'B))

Assumpticn No, 2 -~

Lateral and roll charnel optics are gssumed ideal; detectors ave
aligned properly.

5.101-2 Rnll C“\annCI

OAMS r0ll chanrel ontics for analysis purpcses is shown in Figure 5-2.
In a similar way as that of the lateral channels, the objective lens at
the XMTR and RCVR focusing lens are not shown,

Unlike the latcrel chunnels the Wollaston prism WT is rotated + 45°

and the poiarization plunes are thus positioned as {llustrated. The Stokes

vector repregentation for two planes is defined in Table 3-2,

5-12




The irvadiance at the detector surface is shown in operator form by
Eq. (5-5). Substituting the appropriate matrices in Eq. (5~5) and perform-
ing the indicated multiplication yields Eq. (5-6).

Jg = ¥p(0,90°)T(8 )5 45°) (5~5)
RCF ! CONT

FRONT VIEW
LOOKING AT XMTR

— /e
{
|

- e e @ e = Mmoo om e e e W e

A g, 1w
.

oo

Figure 5-2. Roll Axis Optics Schematic
= - + -
Jd Y(r3-(2) AJSZOr) (5-6)

The resulting irradiance at the horizontal and vertical detector
surfaces are:

Jgn = B(ET =8I §,) (5-72)
b

L, A(TI+ass (5-7b)

)
26

g
Equations (5-4) and (5-7) arc similar with the exception of the rota-
tional angles. If we substitute 8 for ( a~f ) and Gr and letting k = 2 in
the roll equations, a standard i{rradiance equation for the lateral and
roill channels is ecgtablished. Theref{ore, succeeding analysis can be per-
formed with this gereralization in mind.

5.1.1.3 Coupling of Opties and Electronics

With the development of the irradiance equations we can now commence
with the detailed portion of the analysis., The next ste: is to expand
SUM J and DELTA J terms of the Stokes vector, which are functions of LED
intensitics, in a manner that will include 311 pertinent electriczl para-
meters. Once this is accomplished, thege terms are substituted into the

5«13
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horizontal and vertical detector irradiance equations where grouping of the
a.c. and d,.c. components occur, The irradiance terms are then converted tc¢
ciectrical terminology whereby the 0AMS electronic processing techniques
are introduced and a compogite set of system equatione emerges,

=3 - (5-9)
J JR JC

Note that Eq. (5-9; implies the LED preferegtxal plane, that is, vertical .
and Yorizontal for the lateral channels or & 45° for the roll channel.

REF and CONT LED electrical drive signals are defined as:

ig = Ip = LS(wt- ag) (5-19)

ic* Te *icS(0emay) (5-11)

To comvert these current terms to irradi ance requires our multiplying .
£q. (5-10) and (5-11) by a suitable nonlinear conversion factor. A linear
approximation will be used to account for LED efficiency and intensity losé
of the beam during transit through the various optical elements and space,
Therefore, Jo and Jy will be approximated by
= bc(Ic +i 8 (5-12)

J(2 (wt- ac))

Jr = be(ly - ir S(wt- o)) (5-13)

The current-to-optical intensity characteristic of the LED is nonlinear
and due to ae nonlinearity harrwnic terms are preseni: in the OAM3S procesuing
circuitry. Spectral measuremenus were recorded in the pitch channel (Brass-

board No, 2) and the data indicat2d the presence of both higher and lower har~
monic tetms. The even hacmonic terms are filtered out by the ZYNC DEMOD cir-
cuit while a suasll a.c, signal proportional to the odd harmonic terms are al-
lowe? *hrough, but their magnitudes were measured to be mnstant ocver the ambi-
ent - 37,8°C (100°F) temperature, The d.c, intensity terms due to these fre-
quencies cannot be removed and are an integral part of the total d.c. light
level intensities, We do know that the composite d.c. term constituteg a small
per cent of the total light intensity end since it is relatively constant, its
effect on CAMS is minimal. This rationale will be made clearer later in the
analysis, Also, loboratory tests indicate that normal room lighting (floures-

« .ut derivative) has no noticeable effect an OAMS system output. However, an
incandescent light will have an rffect gince a certain proportion of this

light has spectral wavelength within thac of an OAMS filter bandwidth, This form
of buckground lighting would introduce a d.c, term in the processing circuitry

5-14
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and thus cause scaling errors in the angular measurement., O#MS operation
in such an environment .. uld of course require some form of shading and
baffle apparatus tc prevent direct lighting of the RCVR zpertures. In
the interest of simplification in the derivation we ghall ignore this d.c,
term and in the final equatlon introduce a term at the appropriate point
that will account for its effect.

Assumption No, 3 -

Even harmonic temms are eliminated vy the SYNC DEMOD
circuitry,

Substitution cf Eqs. (5-12) and (5-13) into (5-8) and (5-9) yizlds,
LJ=blo +be I +b, 1, Swt-a,)” PrisS(uteny) (5-14)

B3 = Brlp = be Io =(by iy Sgueeg y* belcS(utma)) (5715

Plugging in Eqs. (5-14) and (5~15} into the horizontal and vertical
detector irradiance equation and letting k® be the angle «f the sine term
the following set of irradiance equations are derived:

I = 208 - & - e+ ats ) (5-16)
J = 4 A - a2 - atg D -
4y ¥( AT+ A - 2 Seo’ (5-17)
where
b, I

+ c *¢
A =b1(1+ 5Ty
- bc IC
AR s T

r r
+
a =

bi (s +-<Lg )
rr @;t-ar) b.i, ﬁst-ac)

b i.( S EEES § )
a = - - - .
rrr\ 2(ut “t) b 1 {wt ac)'

Pleage note that the A" terms correspond to d.c. intencity while "a" terms are
for a.c. intensity. A key point to motice herve (not obvious uucil che later

stages of OAMS development) is that toth REF sa¢ CONT LED drive sigsals are

phase shifted and that the terms st and a~ are the result of a linear superposi-
tion of two wsves of somevhat different amplitudes. To expand the sine terms by an

-
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identity without reprouping terms would introduce cosine terms that would
later muddle our interpretation. Instead we shall reformulate at and a®
into a composite wave of the same frequency as the constituents although
ite amplitude and phase ore Jdifferent, Uring the required trigonometric
identities in at and a~, groupinz sine ani cosine tems, and then finding
the resultant and total phase, the following equatioas were derived:

a* = b i_ o sin(e: + g% (5-183
s, = (1 + % +2 v cos (a~a))? (5-18b)
using sin
gt = tnn’l('m et ) (5-18c)
ucos<. + COS(I)
C T
a~ = b aysin@t + @) (5-19a)
a; = (1 + u2=2 u wos (u,-a))? (5-19b)
- ¢ sina, ~ fina.)
¢" = tan 1( < .r’ (5-19¢)
u cosua - COSQr
c

where unbcic/brir:,l.

It is iwportant at thisg point to observe that u is the ratio of the
COMT LED intensity (as seen by the detector) relative to that of the REF
LED. These intensities are not exac:ly equal (reason for this will be ex-
plained later) thus G+and @- are not only functions of phase shifts but
are alsc functions of LED intensities. In addition, we kmow from mesaure~
ments made on OAMS and on specific electrical components that neither a.
T ay are zero and that ac. >ar. Thit o >ar is generally true, but can~
not be assured in all cases, It will be suwown later that the terms of
Eq. {5-18) are associated with the fcrward path of the processing branch
while the terms of Eq. (5-13) are associated with the LED control loop.
Of particular interest here is aj which is the term used to describe LED
balancing and ¢~ the phase angle associated with the control loop. Examin~
acion of " indicates that ft is very sensitive to changes in u, a, and a,.
Also, with u > cosap/cosg, 3 phase leg condition will be maintained by ¢°
{more on this subject- later),

with the irradiance equation in the format described we can now mul~
tiply each equation by a responsivity texwm to convert irradiance to elec~
rrical current as shown in the generalized blaock diagram of Fig. (5-3).

R ?
5‘&1"7?1"& ‘
i
R -,
7 (A= & - 3" +a" §) (5~20) )
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i'dv 4 Jdv

R
- (¥ 4 A7 - a7 - at Sq) (5-21)

The differential output can be obtained by performing the indicated oper-
ation according to Fig. (3-3). )

eq = Ggq (eg - ey)

ey = Arn 1gn

eV = TV 1dv

eq = Gg (Arh 1dgh = Ary idv) (5-22)

Substituting iy and i4, into Eq. (5-22) and dropping the d.c. temms,
since they are blocked by the capacitors, the following expression
for the differeatial output results,

G AR AR Ar"R
~ ~d”rh™sh LA - sV + .
4 {(Arhr‘sh ) (AthRsh k8 } ’

Using a similar rationale for derivation of the sum expression the fol-
lowing group of equations result, :

€g = Go(ey + ey)

eg = Gg(App ign + Apy Lgy) = Vg + e

i G,Athks_}lz( ArRey _ 1>A’ . (it_v_'}_g_g . 1) ni

1
i
:
1

8 4 ArhRgh AchRgh

" -Egi'{‘iﬂ 3 (-A-"-"}-ﬁ;-‘i -1)a’ Ske +<3¥-R—’-‘! +1\):’%

ArnRgn Arhksh

The first term in V_ is much smaller than the second term since the resuit
inwlves the product of the difference of two terms, The Spo in & further
diminishes thisg prodnct for small angles. A similar xationage applies

for the first temm in e , Thereiore, these two equations simplify ¢ the
approximations listed here,

v ¥ GOAtl}Rth (Arvnsv +1) A+ A
ArnReb

[P <

R

JRPOSPRNRRP I , — 9
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4 ArpRgh

~ _ GsArhRgh ( ArRgy +1 )a'

Assumption No. 4 -

Phase angle shifts by the horizontal and vertical detector pre.
amp circuitry are approximately the same, Proof verified
later,

Modifying a~ to account for the detector/pre-amp circuit phase shift
and substituting into e. yields the following:

G R '
e. ¥ - SAzh = (:“'zsv +1)br i, aj sin(t +86.) - (5-24)
rhsh

where
8. =0 - c.
Returning to Fig. (5-3) we can now calculate

e

- d
eo GX -v—x
( '.xrvRsv _l)a'
= Gde \ Arhxsh at
e += s
o " G,6¢ At v
(ATVRSV +1)A+ ,
Athsh
ArRgy .
j (Ar R 1) 8 5@t48)  a,SkeS(ut+ o)
“th sh ° p
e, = Km, R T + .~ (5-25)
( rvR§v+1)l+ cc) <1+ cc)
AcnRan \ b I, b1,
where
i
m, = T (REF LED modulation index)
r
+
Op g - ¢

ed K= Yy (To be used only if the coefficient of S¢,¢ 4+ ¢ ) at
s°f  detector output is measured in wvolts). P
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Nute that 8. and 8, are the amount of lagging phase shift required
to properly synchronize the demodulator circuit. In order to account for i
background lighting and harmonic components in the d.c. sum, Eq. (5-25)
can be modified to yield the more general form shown in Eq. (5-26) end

(5-27).

(ArvRsv -i)a S
Km AR (wt+8 )
~ r rh " sh 1 c - .
e, - T AR,y + aoskes(mt+0p) (5-26) "

Q+tf °+b )( 2 +1>

rIt rIr ArnRsn

G AR, A_R b I 1

v, =S8 Zh sh <ArvRs« +1> <1 o +_b__1b_> b1, (5-27)
rh7sh rr r'r

Eqs. (5-24), (5-26) and (5-27) are the basic equations describing the JOAMS
system with both the CONT and REF LED on. with the REF LED on and CONT LED off
Eqs. (5-28, (5-29) and (5-30) describe the system equations.

AryRgy -
Km A_ R
~ h
e, = { At RSh + sin k8 ) sin (wt- a, -€ ) (5-28)
(1 4 =2 ) rh sh
bele ArhRgh
G. AR A. R I
v wostrhish (Crvosv ) () 4 o)y g (5-29)
] 4 Athsh brIr rr
G AR A_R "
e, = - s Zh sh [ “rvisv + 1) b.i, sin (ut-a =€) (5-30) N
ArnRsh
"
System equation description is incomplete without some mathematical ;
description of the SYNC DEMOD function. Briefly, the SYNC DEMOD consist
of a gating circuit, a differential amplifier circuit and a 10 hz filter
(sce Fig. (5-4)). The signal
SYNC DEMOD '
- — - - = - - = = - = = === I £
I X R
GATE 10 HZ | v R
(t) ——-——-L—>‘ CKT. FILTER | "" > o 4
] 3
R I
k
es(t) i

- .
-

P ]

A

Figure S5-4. SYNC DEMOD Block Diagram :
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e.(t) is a periodic square wave synchronized with the channel frequency
and phase shifted by 8, or Op. Once the phase of eg(t) is synchronized
with ey (t) the SYNC DEMOD output, V, is proportional to the reference
frequency amplitude and almost completely insensitive to its harmonics.
what we want to explore here are the conditions where errors can be in-
troduced due to harmonics and subsequent phase shift changes in ey (t) or
ec(t). The output gating process along with the differential action is
equivalent to multiplving the signal ey (t) or ec(t) by a square wave whose
amplitude varies between +1 and -1, respectively, To hat end we can rep-
resent e (t) by the Fourier series shown in Eq. (5-31) and e,(t) by Eq.
(5-32). 1n Eq. (5-32) we are assuming that the first tz.a in Eq. (5-26)
is negligible (this reasoning will be discussed later).

sin Juwt + sin 5wt
3 5

GS(C) =-:.; (Sin wt + + oao) (5-31)

eg(t) = ;1 A, sin not (5-32)
n=

Multiplying Eqs. (5-31) and (5-72) and performing the required trigo-
nometric functions, the following result is obtained:

e, (t) = e (t) eg(t) (5-33)
41 = Ay 1 .
= - T Ll (cos(n—l)wt-cos(n+1)mti-3(c03\n~3)nt-cos(n+3)wt)

n=1

4-% (cos(n-5)wt - cos(n+5lwt) + ...) .

The 10 hz filter attenuates all frequency components in Eq. (5-33) accord-
ing to the formula shown in Eq. (5-34).

AY

log,, fi/
Aty = (12 db/oee) —30 __fo (5-34)

Expansion of Eq. (5-33) and applying the condition described by (5-34) will
resuit in the following output for V,.

A A
2 3 5

u & (A + ~ B PR 5-35
Vo . (1 3 5 ) ( )

If ¢y(t) was phase shifted by an angle ¥ as shown in Eq. (5-36) and
follow!ng the same procedure described in deriving Eq. (5-33) the errors
introducad are shown in Eq. (5-37).
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() = /\n sin(nut-)

(5-36)

) A,
V., o= s (/\] + T +

0 i

k%21

+ ..0) cos ¢ (5-37)

m' >

11 e, () contains cosine terms their contributions to V, are zero. 1If

the cosine temms are phase shifted by o, Vo output will contain the terms
shown In Eq. (5-38),

e, (t) = 2 B“cos(nwt-dr)
n=1

2/ By By
Vo=?\“1+3’+'5'+"'> sin ¢ (5-38)

5.1.1.4 Equation Interprctations

Now that the OAMS system equations are derived, our task now is to
interpret the meaning of the coefficlents as applied to OAMS applications.
Beginning with the system output Eq. (5-26), the first term represents an
offset error that is a function of LED intensity balance factor and irra-
diance/detector/pre-amp balance factor. Note that per unit method of ex-
pressing one element function relative to another was used since it is
easier to make comparisons on a percentage basis., LED balance is achieved
by the CONT LED control loop (see Subsection 5,2) whose purpose is to
maintain LED intensities in balance such that a; (Eq. 5-19b) approaches
zero under ideal conditions, Because of the technique required to'drive
the CONT LED this error can only be maintained to within one per cemt.

The offset term is further diminfshed by the irradiance/detector/pre=amp
factor, < Arngv 1) « By careful selection or palring of the RCA-C30852
, AR . detectors, detectors with responsivity (Rgy and
rh”sh Rgp) differences of two per cent or less can be
obtained. However, to account for pre amp circuit difference and irradi-
ance difference at the detector surfaces the close-loop transresistance
of onc pre amp circuit is varied. Transresistance adjustment technique
can best be understood if we momentarily refer to Eq. (5-28). With sink®
equal zero the offset term is the only remaining term, thus one can adjust
the transresistance until system output approaches a small value., Once
this balance is accomplished, the offset term of Eq. (5-26) is greatly
diminished by the product of a; and the irradiance/detector/pre-amp factor.
However, balancing error due to phase differences as that described by Eq.
(5-37) may exist since ¥ ay + €. These errors are kept small since the
rclative difference between the angles is small,

The second term in Eq. (5-26) is of course the one that yields the
angular information desired from OAMS, For small angles the sin %@ = ko

522



radians and is scale factor medified by a9 divided by the denominator of
the cquation,  Under ideal conditions the coslne term in Eq. (5-18b) is
cqual to two. Since phase angles exist the scale factor is a funciion of
the diflerence between e and ap. The requirements stipulated by a, dic-
tates that phase angle changes must be small in order to prevent scale fac-
tor changes over the required angular range., (This problem was very real
at one stage of OMS Brasshoard No. 1 design)., As shown in Eq. (5-18c)

@t is not sensitive to reasonable changes in a., a, and u, thus scale fac-
tor errors of the form described by Eq. (5-36) and (5-38) are minimized.
SYNC DEMOD phase adjustments should be performed with both LED at several
angular positions beginning with large angles down to small angles while
simultancously monitoring phase shifts. The term I, found in the system
and sum cquations was included to account for the d.c. light introduced

by harmonics and background illuminations. The harmonic terms are an in-
tegral portion of the sum voltage and will contribute to scale factor
changes. TFortunately, the a.c. harmonics werc mecasured and they are rela-
tively constant with respect to time, therefore one could safely assume
that the d.c. terms constitute a steady state condition and their effects
cancelled out when the system is scale factor adjusted.

The control LED signal, Eq. (5-24), shows that the controlling factor
is aj. In a; the term 2u is diminished by the cosine term and thus indi-
cates that t%e balancing effort must accommodate for phase angle differ-
ence between the phases generated in the CONT LED and REF LED drive cir-
cuits. Also, since ¢~ is sensitive to a., a, and u synchronization of
ec(t) with the SYNC DEMOD periodic square wave must be made with both LED
(compare phases shown in Eq. (5-24) and (5-30)). Any change in phase
after SYNC DEMOD adjustment will affect the signal according to Eq. (5-37)
and will thercfore increase the LED balance errors. This phase shift
-long with the odd harmonics (Eq. 5-37) will hinder LED balance since the
control voltage magnitude must account for these errors,

Irradiance/detector/pre-amp balance can be calculated by setting 6
to zero and solving for the ratio ApyRgy/ArhRgh. Eaq. (5-39) enables this
calculation (note that V, is expressed in mv),.

A 1, |
v(,(l + ——-)+ Kmy | (5-39)

ArvRgy b I,

AR * Iy
h ‘l v o — -
‘ > ‘ 0<1 bl‘I!'-> Kmr

In order to compute the multiplying factor K, the angular gain factor k
for the pitch and yaw channels must be found using Eq. (5-40) (see Ref,
3, p. 484),

k = 180° g/ (5-40)
where g = 0,0084t for a quartz ASC(t equals crystal thickness),

The multiplying factor K is computed according to Eq. (5-41). See Table
53 for values of k and K. Note that the effects of sin k@ can be

5=23
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lincarized by multiplying K by (k@ rad)/sin k8. For example at 900 arc.
sec, the sink@ introduces a scale factor error of 1.2 per cent., Tabie 5-4

- () (e () -0

Table 5-3. Angular Gain Factors

M f |

! Channel i k i K
t
. I arc _sec

Pitch ! 65.2 ‘ 3165,6 ~Tad %

. Yaw 62.1 I 3321,5 arcsec

i ; rad J

1] 1

Roll ’ 2 o 103,132.4 232

i i rad '

]

lists irradiatce/detector/pre-amp unbalance on a percentage basis for sys-
tem outputs o. 100 and 1000 mv/arc sec. Background illumination and har-
monic contents we-e assumed to be 5 per cent in calculation of these per-
i cent ages.

Table 5-4. Irradiance/Detector/Pre-Amp Unbalance

D 1 ]
| Channels Vv = 100 mv/arc sec y V = 1000 mv/arc sec |
— . 1 —
, Pitch : 8.0% ; 125.67 i
! Yaw ‘ 7.6% 116.3% ‘
i

! Roll 0.24%, | 12.1%

L_, | 1 i

L Note that the roll channel system output woltage is about 30 times more

sensitive to unbalance changes, Physically this means that a higher

di ffevential gain Gy (see Fig. 5-5) is required and this naturally ampli-
fies any electrical noise genergted in the detector/pre-amp circuit,
Also, according to RCA, the detector (hermetically sealed unit) relative
responsivity changes will be lesa than 0.25 per cent over ambient to
37.8°C temperature vange. Therefore, any unbalance in the order or 1000
mv/arc sec are wt detector derivative,
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PRI AGC SYNC

_AMD 3 DI VIDER DEMOD
L , )RR DEMOD.
f} H N [l
‘ /\r [T } ,.i (vd }(l ){ C’X }_ >,! 2/" ;_ . “)'VO
o e R ... .J
! f Vx
|
! r X . JF.LT
l » Us PWGSJ~ qu
IR e
| SYNC LEAD/ CONT
! DEMOD LAG AMP
I B o
Lyl O i )l Vg ooy B mVe
L] — I
l T =
Channel L,, Cain Values
Gy Gy | Gx Gg | Gp 1/a 6 !
T : —‘
Pitch { 16,8 | 2.12 | 2.0 | 21.0 | 6.37 | 0.125 [3600.0 |
; ! ! ! !
Yau 19 1,01 | 2.0 | 10.1 | 6.37 | 0.125 |3600.0 i
| i ‘ )
Roll i 1221 }1.97 l 2,0 | 4.4 | 6,37 {0,125 | 843.9
{

?igure 5-5., Brassboard No. 2 Gains

The ratio u, which expresses the amount of a.c. LED unbalance, is
computed by Eq. (5-42).

u=14 ( a(v, ¥ vcoa))_:.‘((vx ¥ onshr) (5-42)
. GG 2 Gg

Typical values for u, along with parameters required to calculate, are
shown in Table 55 and 5-6. The modulation indices were chosen to aveid
driving the LED current below 10 ma where the nonlin:ar characteristics
are worst, '

5-25



b?‘

T ible 5-5. LED Balance Values

T

z Parameters Pitch } Yaw Roll
i ot
r | ! *
L 5.889 v ' 7.509V ! 6,715V |
b Veos 2.3 v 0.4 Vv . 2.2 vV |
Lox vy 4,702V 526 v 5,089V |
* Vyos =59.4 MV L ~41.9 MV ~54.0 MV |
v ¢ 1.0129 t 1.0111 | 1.0129 |
] i l i
*Vx = vas
Table 5-6. LED Modulation Indices
b T
i Channel me , me
i ! .
' Pitch 0.856 + 0,863 ,
' L}
| Yaw I 0.857 {0,877 ;
! ; ;
i Roll 0o.878 | o0.88 |
e i

The phase angles 8p

Tabie 5~7.

436 B Divider Phase Shift

{— v, } 925 hz | 1850 hz ! 3700 hz

! } T !

P10 o | 0.1 l -1.3°

Ly oo 0. ! -1.00
8 LW L -0.30 . -Lee
7 i 0.1 . -0.30 E -1.7°
b i -0.1° N !
5 R X S 0
4 % -0.3° . -0.6° p =210 }
3 | -0.° w0 -2 i

=

5~26

cnd 8. can be approximately calculated by the

use of Eq. (5~43), which relastes the phase zugles in 2ach op~amp circuit
(except for the detector/pre amp (see Subseccion 5,3)), and o 436B divider
phase shift tabulation shown in Table 5-7,
5~7 vere measured and are essentially constant from ambient tc 37.8°C.

The phase angles in Table

o N ——
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¢a = yrc tan (-f/fvoﬁ) (5-43)

The divider operation is described by the ideal equation where

vy = 10V, /v, = GV,

It was found during laboratory testing of OAMS, that the 436, dividers
supply woltage must be 15 YDC since higher woltages, 5ay 15 ¥DC, will
cause errors in the modulation indices.

With the results of Table 5-5 and 5-7, plus the sum of all the
appropriate §,'s, #7, ¢t and ¢ (see Subsection 5.3), the resulting calcu
lstions of phase angles are shown in Table 5-8, The phase angle calcuia-
tions were based upon typical component characteristics. Very little
correlation can be made between the calculated and actual values (deter-
mined by use of the phase shift network values found on Board No. 5).
Because 6. contains $#” it is easy to sce where the differences exist
since §° is very sensitive to a, and a, magnitudes as demons rated in the
pitch chamnnel case. The cause of the 8, d{ifference from actual is not
obvious, especially in the roll channel, and suggest au atypical phase

shift of a component may be the cause,

5.1.2 Wollaston Prism Nonorthogonality

In the course of OAMS Brassboard No, 1 development/modific.tions
many hours were spent discussing and studying Wollaston prism ponortho-
gonality. Laboratory measurements and observations were made to confimm
that it existed and its effect on OAMS system output., The resulting out-
come of this effort ig: 1) Wollaston prism polarization planes for roll
Brassboard No, 1 are nonorthogonal by about ¥ 19, 2) the manufacturer
cannot guarantee Wollaston prisms with better plane accuracy, 3) the
effects are noticeable only in the roll channel and 4) the sffect on roll
can be minimized bz careful pairing of the priasm or in some cases rotation
of the prism by 90°. Lack of a uniform image pattern of the lighi seen
by the detector and the questionable techniques uged in differentiating
the effects on 0AMS necessitate that an analysis be performed in order to
gain some perception intc the problem, The approach taken harz will be
similar to that of Subsection 5.,1.1 where the lateral chanmels will be
considered first followed by roll, The objective will be to derive irra=
diance expressions similar to that of Eq. (5-4) and take gdvantage cf
previous development, were applicable, in reaching a conclusion.

5.1.2.1 Lateral Channels Nonorthogonality

The output of a nonorthogonal Wollaston prism, say Wp, being reverse-d
fed by the REF znd CONT LED, can be derived with the use of the Mueller
matrix P(f) and Stokes vectors 3y and S(ip,;.) shown in Tables 5-1 and 5-2.
Each polarization plane of the Wollaston prism is analogous to s gemeral
linear polarizcc. The development of the Stokes vector S(p,fc), using
operator notation, begins with Eq, (5-44).
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ek sy

SpiEe) = PEL) Sp + PEL) S, (5-44)

where

I = JC + JR

83 = J,C

y +J
R%2¢,

c2¢,

- +
AJ JRS25r JCS

¢ 2¢.
Ideally £, = 0° and £ = 90°; however, for the nonideal case we can
let g, = 90° ¢_.. 1In this case (. is a small anzle causing the non-

orthogonslity., Substituting this identity into AJ and AJ will convert
these intensities as a function of angle ¢, where,

A = (JR -J) S

c’ 2%

T

Correctness of this derivation can be quickly verified by letting & =0°
and the Stokes vector is similar to S (0°, 90°). The irradiance at the
XMIR aperture and at the detector surfaces is defined in operator form
by Eqs. (5-45), (5-46) and (5-47).

Jp = ASCp( a,0°)Q(45%) 3¢ &, &) (5-45)
th = P(E h)ASCR(B ,180°)T(9r) Jt (5~46)
Jgv = P& )ASCR) (B,180°)T(6,) J, (5=47)

Substituting the appropriate matrices in J¢, Jgn and Jqy and performing
the required matrix multiplication gives us the general irradiance at
the detector surfaces,

T = % ; £3 = 83U(Sy (gugy * Ska Gkg @ C29t)>°2£h

+ skaSZOrSZCh) + AJ(czarszeh-szercchzeh)%

PN ae

" SkaS2e Sagy) + A3(Cpe S + Sze,‘”«pczeh)‘

b

3

%

?;
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The trigonometric identities

*

Sk (@-8) = Ska%kp " CkaSkg
and by ™ 90°-€h

were used in the expansion of these 2quations. Applying Assumptions No. 1
and 5, plus notirg that AJ is a function of sin 2&., the

Assumption No, 5 -

The deviation from orthogoiality is no greater than one
degree; therefore, the worst case angle for £, and §y
is one degree,

frradisnce equations simplify to the form showm in Eq. (5-48).

g = X ;zJ- 83 S, Cthz (5-48a)
T,k 3£J+ 83 S, czéhi (5-48b)

Equation (5-48) is similar to that cf Eq. (5-4) except that the second
cerm contains cos 2£ .. Therefore, the second term of the gsystem oulput,
Eq. (5-26), is modified by the product of cns 2£,., Thus, the lateral
channel output is only sensitive to the nonorthogonality of the RCVR
Wollaston prism and its effect woulc be a small constant-scale-factor
error that is coupensated by differuntial gain Gg.

5.1.2,2 Roll Channel Nonorthogonality
Analytical approach for the ro.l channel wiil be somewhat similar
to that taken for the lateral channcols., The terms AJ and AJ of

B(€,s &) vill be different and thoir locstion in the Stokes vector are
interchanged (see Table 5-2).

Al = (JR - JC) 825'

Aymw (3 -J)C
( R C) 2t

o

Application of Assumption No. 5 will thus define & . = 45° 1%, wvettirg
¢ . = 45° would vield (¥ 45°) listed in Table 5-2, The irradiance at
the detector surfgzce in operator notation is defined by Eq. (5-49).

Jgn * BCEL) TOD BCE, € ) (5-492)
Jgo = P(E) T B( &, £ (5=49b)
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where £y ™ 90°- Epe

Substitution of the required matrices in Eq. (5-49), performing the
specified expansion, and grouping of terms yield the following irra-
diance equations.

Jgp = ¥ (2T + AJ sz(gh_er) + Ach(gh_ °r)) (5-50a)

Jdv =% (IJ+ AJS AJC (5-50b)

200 . +6p) 20, + €y
and the trigonometric identities

c

S =S tec,s
2(6_39) 2¢, “20¢ 2¢,.°20y

c +

Cac¢ 20 = 21, C20; 7 S2¢ S20r

where usged,
Inserting the 4J and AJ into J4, and J4, yields Eq. (5-51).

th = Y(LJ+ &J Cz(erwl)) (5-51a)

J. =%(IJ~ & ) (5-51b)

dv T €200, 49,

where
'1 - gr' Eh
9= 8
Using Eqs. (5-14) and (5-15), th and Jdv can be written as follows:
S
- - - + -
Jan (A A a a 02(0r+¢1)) (5-52a)

- + N -
Jay X(AT + A a e Cz(or*'z)) (5-52b)

Employing the relationships expressed by Eqs. (5-20) and (5-21) and
substituting the a.c. terms of J; and J,,, into Eq. (5-22) ylelds,

GaArhReh ( ArvRey ArvRey
[ ] - ul a-u’- c' . + caspatasanE—— c .+
a4 AcnRan ) ( 20,4) AR 2(9:*’2))

(5-53)
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The basic difference between Eq. (5-53) and (5-23) is in the second
term where the desfired angular rotation @_ is contained. Our goal now
is to expand the second term in a form which will facilitate our inter-~
pretation, Let,

y = cos 2(8,+;) + x cos 2(0,.+,)

vhere y is the coefficient of at and, AR .
x = rx/Ath’h

y = =(sin 2¢1 + x sin 292) sin Zﬂr
+(cos 2¢1 + x cos 292) cos 2¢r

which is equivalent to
y = z sin 2(8_ + °-2‘ ) (5-54a)

2

z= (1+x°+42xcos 2(8 - 02)))5 (5-54b)

-1 ( cos 2§, + x cos 2§,
a = tan - —

(5-54c¢)
\. sin 201 + x sin 2!2

(Note that in z, ’1 - pz - °2£h)o

The validigg of Eq. (5~54) can be easily verified by letting £, = 45°
and Ep = and Eq. (5-55) should be identical to Eq. (5-23) when
k = 2.

e, ¥ CgArnRqh s( ArRgy
d 4 I\ AriRgh

1f we use the sare rationale as that reviously used in deriving e, and
Vgs it will be clear that nonorthogonal planes will have neglibible ef-
fects on thege terms. Therefore, for our purpose the system output
eqtut;%on sfter substitution for a~ and a can be written as shown in Eq.
(5‘56 .

- 1) a- +z at sin2(Q+ %) (5-55)

(5-56)

Examination of tha second term i{n Eq. (5-56), we can see that z will

alter the scale factor, 1€ £y #0, and a displacement fron true zero by
an angle g will exist. Thereiore, in order to compensate for a/2 either
or Wg or toth must be rotated counter-clockwise or clockwise from

their desired porition. However, this will then result in cross coupling
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angular errors when the lateral channels are rotated., 1In order for us to
get a fecl of what magnitude of error this will yield, let's assume that the
following conditions exist:

a) Irradiance/detector/pre-mmp is unbalanced by 0.24%
b) £ = 46°
| and ¢) - 1%¢ €, < 1°

where values of £, and £}, are assumed to be the worst case conditions.
With the aid of Eq. (5-54) the following values are computed:

x = 1,0024, z = 2.001 (ideal z = 2.0)

@ = 2.002% § = 1.001° ~ 3603.6 arc secs.
These calculations indicate that the scale factor error is negligible, but
the one degree angular error must be compensated by rotation of the Wolladmons
until the sysitem output is zero. The expense paid in doing this (unavoid-
abie) is to increase the likelihood of cross coupling in the roll channel
. vhen pitching and yawing occur. Perturbation of £. and £, within the ¥ o
iimit specified indicates that the magnitude of o is controlled only by the
YMTR Wollaston's deviation from orthogonality. Thus, if £, ¢+ 5 and £ s
allowed to vary + 1% it will be found, for all practical pur; ses, that
a= 0°, Therefore, when selecting XMTR Wollaston prisms, the prism with
the best orthogonal fit should be used in the roll channel,

5.2 Led Cont:rol Loop

The function of the LED control loop is to assure a.c. and d.c. inten-
sity balance, as seen by the horizontal and vertical detectors, of the CONT
LED relative to the REF LED. The purpose of balancing action is to maintain

L, the term a;, found in Eq.(5-26), as near zero as possible in order that its
F product with the irradiance/detector/pre-amp balance term will drive the off-
set described in Eq.(5-26) to a minima. In addition the LED balance scheme will
provide the same modulation index for the QONT LED drive signal as that of the
: REF LED, thus m, = m,. This will assure that the ratio b I./b;I, found in Eq.
0 (5-26) is near unity under varying light intensities.

5.2.1 Block Diagram Description

The OAMS control loop model along with the identification of its consti-
tuent mathematical blocks are shown in Figure 5-6. A unique feature of this
loop is the need for a divider which maintains the CONT LED modulation index
me equal to that of the REFP LED drive signal. A constant signal, with the re-

, quired modulations index, is fed in the numerator and the output Vy is ampli-

\ tude scaled by the denominator V.. Since V. must be greater than zero (lower
limit set to be V. 2+ 3.1 VDC) this requires that the LED intensities be un-
balanced by a certain percentage in order to maintain this voltage at a pre-
scribed level. In order to accomplish this and at the same time maintain a

LED balance between 1,0 to 2.0 per cent, a large voltage gain must be developed
between the control signal e, and the control wvolctage V. (also referred to as

error voltage), Of course it would be most desirable to mzintain LED balance

. to a smaller percentage, thus putting less reliance on the irradiance/detector/
pre~amp balsnce (see Eq.(5-26)), but a compromise must be attained between
LED balance and control loop phase and gain margins.
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It should alsn be emphasized at this point that the control loop LED
balance effects on the system output V, are somewhat diminished by the
AGC divider and the irradiance/detector/prc-amp balance. If the pre-amp
balance were zero or very small at all times larger unbalances could be
tolerated. A lower limit for the divider denominator must be establish-
to prevent operation at close to zero voltage where oscillation and/ox
indeterminate operation results. In addition divider phase shifts are
pronounced as V. apprcaches small values.

Determination of the divider gain G,, LED drive amp transconductance
Ag.» LED-Optics-Sum transresistance A.., and the corresponding rationale
w§11 be presented here. The control loop is basically nonlinear because
of the divider characteristics and to that end we shall circumvent this
problem by Assumption No. 6.

Assumption No. 6 -

The largest divider gain value is at V. = + 3.1 VDC. Increas-
ing values of V. will increase the relative stability of
the control loop.

In addition we will work with ¢.c. values in the determination of these
gains. For an oscillator signal of 1,0 V RMS, a woltage divider network
composed of R; and Rg (see Board No. Bl, Pg. 6-~4), and a modulation index
of about 0.86, the following d.c. numerator term results:

(2)%e0cR9
z me (Ry + Rg)-

Substitution of V, into the divider ideal equation yields,

4
v - 10(2) ( €ocRg ) (5-57)

Ve mc(R1 + R9)

where V, = V.. Dividing both sides of Eq. (5-57) by V. gives,

Vv, 10(2)*% ey Ry

G. = - (5-58)
y 2
V; Ve m, (R1 + R9)
For values of
= 100 k02
= 17,2 k) .
= 3.1 VDC :
J102% (1.0) 17.2 ., 0061 o/u ;
(3.1)2¢0.86) (117.2) a
5-75§
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The transconductance of the inverting amplifier circuit (consist-
ing of Ag and the Darlington transistor pair) is defined by Eyg. (5-59),

Age ={1c/Vy| = R3/Rp Ryg (5-59)

For values of,

25.8 k1, Roll

=
(98]
n

= 27.6 k{}, Pitch and Yaw

=
W
i

R; = 100

Ryg= 10 kN ,
then Agc = (1,258 mhos for Roll and Agc = 0,276 mhos for Pitch and Yaw.
Control LED current I., for varying values of V., are listed ir Table 5-9.

Table 5-9. <Control LED Currents

Ve vy 1. (Roll) I. (Pitch and Yaw) |
(VDC) (VDC) (ma) (ma)
) —
10 0.241 62.2 66.5 i
9 0.268 69.1 74.0 ‘
8 0.302 77.9 83.4
7} 0.347 89.5 95.8 :
6 1 0.402 103.7 111.0 |
5 i 0.483 124.6 133.3 ;
4 | 0.603 155.6 166.4 '
3.1 i, 0.779 Aj 201.0 215.0

Before determining the LED-Optic~Sum transresistance Ap., a
rationale must be developed which defines the signals being summed.
Recall that

es = Gs (eH + ev)o

Now if we make use of Assumption No., 7 our computation will be simpli-
fied without too great a sacrifice in accuracy. In addition we will

Assumption No. 7 -

The irradiance for the horizontal and vertical paths
to both detectors are exactly equal,

5-36

.- e




b gl

limit the analysis to a.c. components, therefore, after substitution
of the appropiiate values,

eg = e, = 2G5 App 1gp.

Substitution of Eq. (5-20) for iy, and remembering that the & term is
the controlling term,

e. = - Gg A pRgpa™/2

where

- = b i (1+ ul- 2 ( )’
a rir u u CcoSs (!c"(!r

1f a.~¢, = 0, a~ can be written as

bpi (1 + v - 2u)

[+
o

a~ = bi (1 - u)

]
o]
[

]

- brir - bc*c'

Inserting a~ into e, yields,

e, = fgf;hﬁgb (b i, - b)) (5-60)
Letting,

Apr = GgA yRghby/2
and

Ape = GgArhRghbe/2.
then,

e, = A i - ALdL (5-61)

Eq. (5-61) is the basic equation used in the development of the OAMS
control loop block diagram. If we know the sum voltage Vg for a parti-
cular 1., an equivalent value for A_. can be calculated, Assuming that
exactly half of Vg is contributed by the CONT LED, the peak magnitude
for e,, due to the CONT LED, can be computed per Eq. (5-62).

ep” 1.71 V8/2 G¢, Pitch (5-62a)
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Cop= 1242 V /2 Gy Yaw (5-62b)

Co,® 127 V. /2 Gy Rolld . (5-62¢)

( v

The numerical factors in Eq. (5-62) compensate for the increased LED
efficienty at 4.44°C (40°F) as determined in laboratory measurements
made on July 22, 1976. Note that at 4.449C the loop gain increases,
thus driving the control loop closer to instability, The ratic of
ecp/ICa A, and from the results of Fig. 5-5 and Table 5-5 and 5-9.

1.71(4.77)
A = = 1.75, Pitch
re T 7(21) (111 x 10-3) v TREC

- 1.42(5.28)
TC  9(10.1)(88.7 x 10-3)

= 4,18, Yaw

1.27(5.14
A = ColD) . 8.0, oll
rc  2(4.4)(92.73 x 10 7)

Please note that the values of A . are proportional to the separation
distance between the XMTR and RCVR. For a reduction in range a new
setting for the CONT AMP gain must be made to maintain the prescribed
gain and phase margins defined in the stability analysis subsection.
The same applies for the case when significantly hotter LED or improved
optics are introduced with a r1esulting increase {n light intensity.

5.2.2 Control Loop Stability Analysig

A Bode analysis of the loop transfer function must now be performed
in order to select an appropriate CONT AMP gain 1/8 that will maintain
loop stability. Using control analysis notstion, the loop transfer func-
tion can be written as

K(1 + s/z)
G(s)H(n) = 2 ans (5-63)
—_ 4+ 1
(s vai)aeam
<o F] = 387.7 rad./sec

3090.0 rad./sec

<
L}

62.84 rad./sec

€
=]
]

1,414

K = cccmcyagcarc/a

R
o
]

5-38




1f we let 8 = jw and normalize the legd-lag transfer function temrms,
the gain equaticn becomes

145 o
CUIH(j) , Y o N (5-64)
K apw w .
1- (&) + 30+ —=
( (““) J @ Y1+ § "’_qu)

The magnitude of G(Jw)H(jw}/K in decibels _ s,

20 log,, ‘ S0w A6 | (5-65)
K

2 2\
20 1ogm(1 e ) )’i - 20 10g10<1 +(J‘%—) )
Ny np

2\2 a 2
- 20 1°810((1 - &@;)) +(-£-:-') );’

-z S
Nz wnande G,

where

The phase shift @ is,

$ = Arg(G(j)H{jw) = (5-66)
a, o ’

Af o\ - oranrlf -2 \. ol —%n
tan (w z) tan (w,}‘p) tan 1-(9,

Figure 5-7 is a plot of the magnitude and phase versus the normalized
frequency w/w,. Selecting a phase margin (PM) of 31.2° gi 28 us a
gain of 57.4 db., or K = 741,3v/v at w/wy = 70.0, With ¥ known

we can now write the following relationship,

Gc = K a/ GyGyAgcArc- (5-67)
Substituting the appropriate values in Eq. (5-67) yields,

Ge = 7661, Pitch

Ge = 3207, Yaw

Ge = 1793, Roll

Table 5-10 summarizes the loop gains for the three channels and the
conditions used to calculate,
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An important and subtle point to natc is that a relatively
large op amp circuit close loop gain is required for G.. This gain
will naturally cause the op amp circuit to producce a phase lag accord-
ing to Eq. (5-68).

g, = - tan N(ofu_ N (5-68)
where

N=2rf, AJG, vy

For example, consider the case where op-amp (Mono OP-07) is used.

A, =10 db = 316,227.0 /v
f, =2.7hz

w, = 62.84 rad/sec

N = 23,71

G. = 3600.0

wlo, = 76

9, =-71.3°%

Obviously, the introduction of a -71.3° phase shift by the CONT AMP
will cause instability in the control loop. This necessitates either
our using a wider bandwidth op amp or splitting the op amp circuit into
several stagec whose product eyuals the desired G.,. We have chosen

the latter where two cascade stages, each with a gain of 60 (lateral
channels) and a corresponding phase lag of 2.82°, are used to generate
Go» This application yields a considerably smaller phase lag with
minimal effect on the control loop phase.

£<3 Detector Pre Amp Anslysis

The OAMS system requires, per channel, a pair of detector/pre
aoplifier circuit, one called the horizontal and the other vertical,
as described in the system equation analysis. It is clear from the
connotation that a detector and pre~amp circuit are the two main com-
ponents making up the whole circuit. What {s mot so obvious is that
special care must be taken in the application that requires joining
the two to form a composite circuit, The circuit analysis to follow
will address iiself towards the derivation of equations describing
the signal and woise components. The proper choice of components in
this circuit is key towards proper operation of the OAMS system, Fol~
loving equatiou derivations, nuise calculations based upon op amp data
and circuit gsaing will be compared with actual seasurements made on
oMMS .
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5.3.1 Signal OQutput Model

Figure 5-8 depicts the basic current~to-voltage converter circuit
with an equivalent circuit of the detector. The objective here is to
derive an output equation for the horizontal detector/pre-amp circuit
as a function of the various paraieters after making suitable simpli-
fying assumptions, The horizontal detector/pre-amp notations shall
be used throughout this derfvation aad the results are the same for
the vertical detector/pre-amp circui:.

Assumption No. 8 -

Op amp input terminaln draw virtually no current because
of the large ditfercnt:ial input resistance, Riq,

Asgumption No. 9 -~
Voltage across input term.nals is zero since the positive
input termingl is at ground potential (no cucrent flow);
the negative input terminils must be at zero voltage also.

Assumption No. 10 -

The series resistance Rg is approximately 30 ohms and is
much smaller than th2 damping resistance Ry.

R, is added to prevent input bias current I, from producing a d.c. off-
sgt at the op amp output., Cupacitor Cp is required to bypass the ther-
mal neise of Rp to ground.

Applying Thévenin's theorem ard aseunmption No. 8, 9 and 10, the cir-

cuit of Figure 5-8, for analysis purposes, can be simplified to that
shown in Figure 5-9. The voltage gain e¢quation for the circuit is,

Re
Rd r—-——J\/\/\,—1
S v~
=

&

S ——
L

T
Ei

-+

Figure 5-9, Equivalent Inverting Amplifier Circuit
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en/Van = (1-3/B) (1 + 1/A,0) (5-69)

Ave

where

B = 21/(Z1 + Ry)

Z, =2 +R

1 i d
AO
Av 'AO/(1+ros)z-;c-’-;

Exgzaasion of the numerator and denominator of Eq. (5-69) gives,

1-1/8= 'Rf(l + RjCjS)/Rj(l + RdeS)

) i
C; R.s R
Jo 3 f° .+ 0 Re
: +{RgC; + 3 1+Rj s +1

1+Rdcjs

1+ 1/a,6=

with Rj >> R4 and Rf D> Ry.

e ” Rj(.._.._.i.._'°ci: e, (Rdcj +IA§-<1 +-§—f-)> s + 1)
]

From Eq. (5-69),

ey = Ave Van

and th - - idh Zj = - Rjidh/(l + RjCjS).

Therefore,
Re 1
f *dh
e, = ~ (5-70)
H To Cy Rys To R
- + (Rde+-—A (1+ = )) s+ 1
c o i

Eq. (5-70) can be written in a more familiar form as shown in Eq., (5-71),.

.. = Relan
i 2 . (5-71)
hs
@t t
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wierua,

\

oy = (2n fvo/chf)2
and
ah = wh( Rde + (1 + Rf/Rj)/z'n‘ fvo)

The transresistance Arh can now be written as

e R
Ay (e) = =B () = gt :
1dh 8 hs
(-- ) +-—-—mh + 1

If we let s = jw, the last equation becomes

R¢
Arh(jw) = w
™ 2h
1= (o) + 4
“h h

and the phase shift is

1/ %h ol e
€, = - tan —————

1 - (=~
()

-

.~

I .o 5 - )

(5-72)

(5-73) ’

et i nn e

For detectors with equal Ri and Cy it can be proven that to have the
e

same phase shift foy each
proof is as follows:

€h = €y
ﬂh ./ﬂh ﬂv -/ﬂv
7= 2
1 - (= 1 - (=
&) &)
or 2
‘.h-'
“h “h " 2 2 “_’v"v

1f %, De? and o2, Pu?, then

oy, = e lo,
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Substitution of the appropriate terms for "h/“h and a/w, and solving
for Ry results in Eq. (5-74).

F h* RdV + (Rfv'th)/Z‘rrlvoCjRj (5-174)

Since Rgy and Ry are genercally less than 100k ohms difference, Eq.
(5-74) reduces to the form where Rgh ¥ Rgye

At this point an analysis, using actual component values, is de-
sirable. From the date of the RCA C30852 photovoltaic photodiode,

cj = 250 pf
Ry = 10 x 10% ohms

Rg = 30 ohms (calculated from EG & G data sheet D3002A~1).
The pre amp circuit values are:

Re = 2 x 106 ohms

= 53,6 x 103 oams

3
[ %
[

110 db = 316,227.8 v/v

g
]

f = 2.7 hz

Substituting these component values into the equations for wh, ahy Arh
and €, yields,

wp = 103,582.6 rad/sec

Uh = 1.41

8h = 0,706

€, = 18.4°

w = 23,247.8 rad/sec Pitch
Acp = 1,998,065 ohms
Ch = 9'20

w = 11,623.9 rad/sec Yaw
Ay = 1,999,991 ohms
€p = 4.54°

@ = 5811,9 rad/sec Roll
Ap = 2,000,028 ohms

If Ry where zero the a), equation would then take the form
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Wwith R 30 ohms
a, = 0.0239

and App(jw) is very much underdamped. In such a case the response of

2, to changes in light intensities will die ont slowly. Small damping

constants, such as this, will also amplify the voltage noise of the op
amp as shown in following section. 1In the previous calculation we have
selected Ry (using Eq. (5-75)) for a damping ratio of 0.706.

t4 = (GR - (14 Re/RP 12T LA/ (5-75)

5.3.2 Electrical Noise Model

The detector/pre-amp circuit has basically four thermal noise
sources, i.2. op amp voltage ep, feedback resistor voltage epf, op
amp current i, and the detector iph. We shall direct our effort towards
derivation of an expression relating the voltage noise output of the
circuit since the magnitude is related to our choice of damping con-
stant. The current noise circuit output is easily related by the pro-
duct of the constituent current by the transresistance, Figure 5-10
is an equivalent circuit that will be used in this analysin. The

e

ng
" ——‘.—O_r"““

R¢

b e AV VA

R
d
__AAAF_*mm-mg N
{ | eoi gel ~ €no
nh Qb n ,Noxse ess ] e
en ;Op amp
3

Figure 5-10, Equivalent Nojse Circuit

voltage noise gain equation for ihe noninverting configuration is
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1/ _
Ayn = epo/tn = T+ /Al

(5-76)

Expansion of 1/ and incorporating the conditions where R; :£>Rd and
Rf >Ry, 1/B becomes,
(Ri + R+ Rijcis/(Rj + Re))

1 =
P Ry (1 + CjRys)

Substitution of 1/8 and 1 + 1/A,8 (from the previous section) into
Fq. (5-76) yields, ‘
Rf /
(1 + g7)(1 + ReR3iCis/(R; + Ryg))
Ay = LS 40 e R T L (5-77)

r C.R ; R
(‘O'qu'i s? + (RyC; +-53 Q +§-f_-))s +1
J

Eq. (5-77) can be written in a conventional form as shown in Eq. (5-78).

Re
1 +Ej’)(l + rjs)

2 s
(:_ﬁ).+ h”
(Dh (ﬂh

7y = ReR(Cy/(Ry + Rg) = 4.17 x 107° sec.

(5-78)

Ayp =

where,

wh and ap are defined in Eq. (5-71). Because of the similarity of

Eq. (5-78) and (5-71) it is epparent that the danping constant ap will
affect the noise voltage e, in a similar manner as that for ey. The
magnitude of A, (jw) is

1+ R RIA+ (T
£ ] hw (5-79)
(- G2) )2 4 (ZE23

Avn i

A careful study of efther Eq. (5-78) or (5-79) plus knowledge of sys-
tem requirements indicate that:

a. The 22v0 will cause the noise magnitude to increase,
undiminished by the second order pole, until the radian
frequency reaches about wy/10°

b. The magnitude of [Ay,(jw)] , for all practical purposes,
is equal to 1 + Rf/Rj for frequencies less than 100 hz.
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<. Without Ry the damping constant (as txplained beiore) would
3 be small; therefore high and low frequency noise components
F ' wuld have a tendency to medulate the signal ey.

d, Sync. Demod. action will attenuate noise frequencies accord~
ing to Eq. (5-36) and (Y-38). Wwhatever component gets
through will be further attenuated by the 10 hz filter ac-
cording to Eq. (5-34). Therefore, the system noise output -

will consist, mainly, of low frequency noise of 100 hz or %
less with the dominate components in the 10 hz bandwidth
region,

With R selected to yield a damping ratio cf 0.706 and the rationale
listed,AVn reduces to,

no £
Ay = ey =1 4 K (5-80a) 1
or e, " e, (1 + Rf/Rj) (5-80b)

0f course ey, must be modified to account for the voltage noise of R¢ !
and the current noise of the op amp and detector as shown in Eq. (5-81),

eno(19 h2) = (e2 (1 + Re/Rp? + eZp + (12 + 1,25 ¥ By ¥ (5-81)

Since RCA does not list the current spot noise for 10 hz, we must ace-
cept the 1000 hz value given with the assumption that the magnitude
is vithin the same range. Using the following op amp and detector

4
noise data, the total voltage moise from one detector/pre-amp leg is K
calculated.
L.
enf = ( GKTRg)® = 0,182 av/(hz)¥ at 25°C
e, = 10.3 nv/(hz)%
ig = 0.32 va/(hz)% !
iy, = 0.08 pa/(hz)?
i
and )
| : e, (10 hz) = 0.68 pv (By)? 1
. no hd ] n

Note that the op amp current noise contributed significantly to eno(IO hz)
and almost swamps out the effect of the other noise source, The voltage [
noises for the differential amp are negligible compared to those con- :
tributed by the detector/pre-amp, The output voltage noise due to both ;
detéctor/pre-amp paths following the differential amplifier is
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enos = Cn(ctzioh + cleov)z (Bn)2 (5*52)

wherc
Cn=—7}-Cde

Multiplying each of the voltage noise values by tiie corresponding
gains outlined in Figure 5-5 yields,

= 21.8 uv (Bn)%9 pitch

0
)

nos
1
€nos = 13.2 uv (By) 4, yaw
1
e s = 0.147 mv (B)2, roll

The noise bandwidth of the system is determined by the poles of
the second order 10 hz filter and is expressed by the following:
-

. ﬁHj_ (jw) Izdm
—

n ™ Iﬂi(jo»’ 2

(5-83)

where,

H(s) = "’nz (5-84)

(s = m) (s - mp)

and £ = 1 or 2 -
Letting s = jo,

. Wn
and Hy (jw)y = m

wn
jw - mz

H‘z (jo) =

where my, My = wp(~8, rya- 5%)%)

and 8n< 1.0

Substituting H) (jw) and Hy(jw), one av a time, into Eg. {(5-83) and
performing the required integration yieids,




?g?

']

2 ¢ 1 %
By = 5 (7 ~tanl( 2 2z D)

For 8n = 0.707
20y, T -
B, = 0707 (3 = (=2 ) 1.107 rad.) }
B, = 1.312 w, or 7.58 wy, R

Since the pole with the narrowest Bn will govern and B, is to be expressed
in hz,

>}
n

n = 1312 w0

i

or By = 1.312 f,

with f, = 10 hz we can now calculate ey,  with the results as shown
below.

€nos = 0.079 mv mms, pitch
e = 0.048 mv rms, yaw

€hos * 0.532 mv rms, voll
These are the ideal thermal noise values calculated from typical op
amp data.

System output noise measurements were made with an H,P, 135 X-Y
vecar dex whose maximum pen speed is 20 inches/sec. The noise output
is shown in Figure 5-11, With these graphs 50 voltage points were
taken at 100 ms intervals and are tabulated in Tgble 5-11. The samp-
ling interval of 100 ms was chosen to ensure independent measurements
(zee ref. 4, Pg. 375 and 392) and with 50 sample points a good approxi-
mation to a, gaussian-shaped, probability-density curve can be obtained,
With this noise data the standard deviation was calculated for each
channel by Eq. (5-87).

n
2 2%
G G E MDD (5-87)

q
[ ]

n = 0.604 mv rms, pitch

S
]

0.437 mv rms, yaw 10 hz filter

)
[ ]

1.504 mv rms, roll

5=52
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llowever, onec must also realize that the calculated data can not
account for other types of noise disturbance such as 1/f noise, shot
noise, and perhaps most importantly variations in the irradiance
light source from LED emission to detection at the detector surfaces,
Noise in the roll channel is larger because of the increased gain re-
quired in scaling of the output as indicated in Section 5.1.1.4, 1In
addition higher power LEDs would cause a reduction in gain and thus
reduced noise amplification in the system's processing path.

The 10 hz filter restricts the OAMS Brassboard No, 2 system to
a 10 hz dynamic response, However, it was mentioned lately that a
40 hz dynamic response is more representative of future applications,
An estimate of the OAMS noise output with a 40 hz low pass filter can
be calculated by multiplying the results of Eq. (5-87) by 2.0. The

standard noise deviation is then 1,208, 0.874 and 3.008 mv rms for pitch,
yaw and roll, respectively.

Finally the selection of the RCA C30852 photovoltaic photodiode
was based upon a higher responsivity and a lower junction capacitor,
for a given surface area, which in turn yields a higher natural fre-
quency wp. Note that large values of wy, produce smaller phase shifts
in each detector/pre amp path as shown by (Eq. (5-73). These detectors

are not amphoterically built; thereforc, protection against radiation
is less stringent,

£.4 Conclusion

It was proven by an analytical model of the lateral and roll
channels that, with proper LED and irradiance/detector/pre-amp balance,
offsets in system output can be held to about one arc second. Changes
in phase shift, once the SYNC DEMOD is gynchronized, would generelly
‘occur when the relative intensities between the REF and CONT LED are
changing. These intensity changes may be due to uneven rela?ive
degradation in light output with passage of time or uneven llght‘
pattern of either LED as the RCVR and XMTIR are rotated about their
axes. Phase shift changes would manifest themselves in larger LED
unbalance and offset minimization would rely mcre on the irradiance/
detector/pre-amp balance. Background illumination within the optical
filter BW will i ntroduce a d.c. quantity that causes a shift in system
scale factor. Therefore, if OAMS application dictates operation in
an environment where the background lighting has spectral range over-
lapping that of OAMS, light shades wiih baffles about the RCVK aper-
ture are required to prevent direct lighting of the detectors.

Wollaston prism nonorthogonality will introduce a small constaat

scale factor error in the lateral channels. This error is compensated
by an increased gain when initial scale factor adjustments are made.
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In the roll channel nonorthogonality will introduce scale factor

and cross coupling ecrrors. ‘The scale factor error is compensated in

a similar manner to that of the lateral channel by increased gain in
the processing branch. The cross coupling error cannot b. compensated
out except that it is constaant over the angular range. The analysis
indicates that this error in rell can be reducad significantly by proper
selection of XMIR Wollaston prisms with the one Y“iving the least nonor-
thogonality between the polerization planes used in the roll channel.

The CONT LED control loop is nonlinear because of the applica=-
tion ¢ f the divider which regulates the modulation index and CONT LED
intensity. The control voltage is used to regulate the LED signal
and is applied to -he¢ denominator of the divider. Control loop gain
values were selected for the worst case condition, that is, when the
XMIR 1s at 4.44°C and the CONT LED intensity has degradated to the
point where the extreme lower limit ip the divider denominator ralls
for a maximwn LED a.c. current of approximately 208 ma. The analysis
indicates thet the loop gain 1ust be tailored for each individual OAMS
application since loop gain is dependent upon range and intensity of
the LED., For a given loop gain, as the range decreases, the phase
margin decreases until loop instability sets iu while an increase
in range would increase the phase margin and increase loop stability.
Loop gain values selected will maintain, assuming that the signal phase

shift are kept within some reasonable bound, LED balance at about one
per cent,

Detector/pre amp circuit analysis indicates the need of a danping
registor to set the circuit damping ratic to an established value of
abosut 0,707, Without z damping resistcr the circuit is highly under-
damped and the signal is prone to modulation and perturbvation by eiz2c~
trical noise or variations in light intensities, It was also proven
that the signal phase shift in each detentor/pre amp leg is constant
and is of the same wmagnitude. The measured electrical noise values
vere 0,604, 0,437 and 1.504 mv nas for pitch, yaw and roll, respectively.
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6.0 ADVANCED BRASSBOARD DESIGN

6.1 ELECTRONIC DESIGN

The Optical Angular Motion Sensor Electronic Subsystem consists of
three channels operated on an analog basis with three distinct {requencies
of 925, 1850 and 3700 hertz for vroll, yaw and pitch, respeci: -ely. Each
channel is Integrated with three independent optical subsys-¢ 15 for the
purposc of measuring relative angular displacement between two points in
a threc-axis coordinate, system. , The composite system is a precision
measuremen'. device that converts small angular deflections 1irc seconds)
in roll, yaw and pitch between & reference point and a remote point into
an electronic output. The assembly is shown in Figure 6.3-1.

Basically, the electronic circuits for sach channel perform two
functions. That is, 1) an input to the system is provided in the form
of an intensity modulated light source about a quiescent level and 2) this
volarized light source as a function of angular displacement and vange is
detected. The resulting signal is processed to yield an electrical output
proportional to angular rotatiomu.

With the aid of the block diagram shown in Figure ¢.1-1 and schematic
drawings (Figures 6.1-2 and 6.1-3) a comprehensive description of the
rtuncti 'nal operation of the OAMS electronic circuits is presented. The
cvlectronic subsystem description will be subdivided into the foilowing
three subgroups: 1) LED drive, 2) Signal Processing Electronics and
3) LED Control Loop. These three subgroups will be identifled and their
functional operation and relationship upon each other described. Since
all three channels are essentially the same with exceptions for amplifier
gain values and operating frequencies, rhis section will, where practical,
addrer itself to a common description as indicated by the block diagram.
Each biock is assigned a number for identification within the test.
Following these three subsections an e .ctronic n2t 'rk/component descrip-
tion in subsection 6.1.4 will descrite the individua. networks and com-
ponents and their application for the NAMS electronic circuits.

6.1.1 LED Drive

Two light emitting diodes (LEDs) located in the transmitter pryvide
the input light source for each channel. Each LED pair is selected to emit
energy in one of the three spectral regions to prevent cross coupling the
light between channels. In both the transmitter and receiver the principle
of duality was employed to increase system reliability and signal-to-noise
ratio (SNR). The modulation frequencies of operation for the charnels are
one octave apart. This provides additional immunity to channel cross talk
since even harmonics are averaged to zero with the aid of the synchronous
demodulator/low pass filter (5). 0dd harmonics frcm a channel may enter
otlier channels but are significantly attenuated by the optical filters and
the _ction of the synchronous demodulator/low pass filters.
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= The LED drive paths are similar ¢ _eot that one LED is used as a
ieterence (18) and the other controlled (16) through the action of the

analoy divider {'4). e turing fork csciliator sepplies the sinusoidal
signal used by the drive circuits A voltage reference (20) supplies
. the d.c. bias tor summing with the sinusoidal signals to provide the

composite signalt for the LED drive networks. 1In both the reference (18)
and the controlled (16) LED drive networks, the LEDy are connected be-
tween the + 7% VDC supply and collector tie points of the darlington
transistor pairs. In this configuration each LED operates about a bias
current and is bounded such that the transiscors neither saturate nor turn
off. The a.c. signal current amplitude and the d.c. bias current ampli-
tude for the reference LED (18) is fixed such that the controlled LED (16)
can operate ir. _ower output above and below the refe:r nce output for LED
balance as seen at the detector/pre amp (1) outputs.

The analog divider (14) performs the followirg function in controll-
ing LED (16) signals. The analog divider controls the composite drive
signal amplitude The divider output is described by the following equa-

: tion where Z is t..e composite signal (dividend) and X is the d.c. com-
ponert (divisor). Tue X component is the controlling parameter.

Z
A = + 10 =—
’ ° x

LFD drive network (15) supplies drive current through the controlled !
LED (16) and LED drive network (17) supplies current through the reference
} LED (18).

6.1.2 Signal Processing Electronics

The function of the networks in this circuit is to operate on two
electrical signals, which are proportional to the light sources seen by
the two detectors (1), such that the electrical output of the snychronous
demodulator/low past filter (5) represents a relative difference in angle
between the transmitter and receiver. The electronic networks roquired
for this process are identified in figure6.l-l as Blocks 1 through 9 and 21
with Block 6 being the digital panel meter/indicator.

The two silicon detector diodes per channel (1) are operated in a }
photovoltaic mode where low noise equivalent power (NEP) is achieved. The |
signals from each detector are preamplified by low noise operational amp- |
1ifiers and supplied to the difference amplifier (2). |

: Should an angular difference exist between the transmitter and re-
i ceiver, two a.c. signal components {d.c. blocked by capacitors in Block 2)
: are applied to the difference amplifier. Since the gignals have a 180 de-
gree phase difference, the composite output signal (Vp) is effectively the €
sum of both input signals. This action doubles the signal level and cancels
out common mode noise components. Vp is the dividend for the ACC analog
. divider (4). The divisor X for ACC analog divider is obtained by use of
the summing ampiifier (7), low pass filter (8) and inverter amplifier (9).
The output signal from the analog divider (4) is applied to the suychron-
- ous demodulator/low pass filter (5). Output from the synchronous demodu-
lator/low pass filter (5) is proportional to and represents the angular

6-5




rotation between the transmitter and receiver. This analoy voltage is
suppliced to the digital panel meter (6) where it is converted to a digital
signal and supplied to its indicator for decimal read-out. low pass
filter characteristics for Blocks 5, 8 and 10 are shown in Table ¢,1-1.

With Vp as the dividend and Vg as the divisor the analog divider (4)
eifectively normalizes the difierence signal, Vp, for variations in light
intensity for a given angular position. The light intensitv changes may
be due to ) detector and LED responsivity degradation, 2) non-urniformity
in LED light pattern and 3) change in range. This action of the divider
on the difference signal is termed automatic gain control (AGC).

Because the roll channel has an optical angular sensitivity of 2
versus t0 for the lateral channels, additional gain is required in the roll
channel io compensate for this condition.

Both the synchronous demodulator/low pass filter (5) in the signal
processing electronics and the synchronous demodulator/low pass filter (10)
in the LED control loop receive their reference signals from the phase ad-
just and square wave generator networks (21). There are two reference
signals to each democulator. A pair of reference signals to a demodulator
has square waveforms 2nd 180 degrees difference in phese. Their phase
relative to the signal is corrected in the phase adjust section of this
block (21). The input sinusoidal signal comes from the Tuning Fork Oscilla-
tor (19) isolating amplifier.

6.1.3 LED Control Loop

The purpose of the LED control loop is to drive the controlled LED (16)
in & direction such that as seen by the balanced detector/preamplifiers (1),
the controlled LED (16) and the reference LED (18) will have equal 1light
output. This is accomplished in the following manner. When the intensity
of both LEDs as seen by the balanced detectour’/preamps (1), is the same
(balanced LED condition), there will be no a.c. at the signal frequency on
the sum amplifier (7) output. Possible even harmonic distortion will be
ignored since it will be averaged to zero in the synchronous demodulator’
low pess filver (10) and will not affect LED balance. When the intensity
of the LEDs, &5 seen by the balanced detector/preamps (1) is not the same
(unbzlanced L¥D condition), there will be an a.c. signal at the channel
signal frequency on the sum amplifier (7) output. This a.c signal is used
to drive the LEDs to balance.

Two cases will be described. First, at zero angle between the trans-
mitter and the receiver, there will b equal lipht from each LED on either
detector. With the 180 degree phase difference between the two LEDs a.c.
signal components on a detector, there will bhe a steady d.c. light level
on each detector when the LEDs are balanced. There will be no a.c. on the
sum amplifier (7) output since there was none at the input. When the LEDs
are not balanced this wiil net he true. In the extreme case of unbalance
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where one 1ED is extiniuished for (<cample, there will be equal light on
cach detector from the "ON" LED with the a.c. corponents on each detector
in phase. When the detector/preamp (1) outputs are added under this con-
dition by the sum amplifier (7) there will be a.c. signal at the channel
signal frequency on the sum output. This .c¢c. signal after svnchronous
demodulation in svnchronovs demoduluto: ' low pass filter (10) is used to
drive the controlled LED (16\ toward a balanced condition with reference
LED (18)

When there is ar anpic other than zero between the transmitter and
the receiver, the light from one LED is increased on one detector and re-
duced on the other detector. Light from the oiher LED is increased and re-
duced on opposite detectors {rom the first LED. Under the balanced LED
condition, addition of the two detector/preamp (1) signals with the a.c.
components cqual in amplitude and havinpg a 180 degree phase difference re-
sults in a d.c. output from sum amplifier (7). When the LEDs are unbalanced
this is no longer the case. If under the extreme unbalanced condition where
one LED is extinguished, the output from both detector’/preamps (1) are in
phase although not having equal amplitude on each detector. When added by
sum amplifier (7) there will be an a.c. comporent which when demodulated by
synchronous demodulator’low pass filter (10) provides a control voltage to
drive the controlled LED (16) toward the referenced LED (18).

The cases described used the extreme condition of unbalanced LEDs in
which one LED was extinguished. When there is any unbalance, as seen by
the detector preamps (1), between the LEDs there will be an a.c. component
on the sum signal which when demodulated by synchronous demodulator/low pass
filter (10) will provide a correction voltage to the analog divider (14) to
balance the LEDs.

The LED control loop is implemented in the following manner. Any a.c.
at the channel frequency and phase is taken from the sum amplifier (7) and
synchronously demodulated by synchronous demodulator’/low pass filter (10).
Here quadrature signals and even harmonics are rejected and the proper signal
is converted to a control voltage to drive the controlled LED (16) toward
the reference 1LED (18). This signal is supplied through a compensation net-
work (11) for control loop stabilitv to gain amplifiers (12), and the output
from these amplifiers is supplied as the contral voltage to the analog
divider (14) which supplies signal to the LED drive network (15) described
eirlier.

6.1.4 Electronic Network/Component Description

The purpose of this subsection i{s to describe in more detail the indi-
vidual units that are used in the OAMS electronic subsystem. The previous
sections described the functional operations required in the electronic
subsystem while this subsection will be less pgeneral and will focus on the
specific applications and type components found in these units. Fach unit
may contain one or more of the networks or circuits identified in the block
diagram of figure 6.1-1. These units are located either on circuit boards or
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housed within the main chassis or in the transmitter or receiver sub-
assemblies as shown on the schematic drawings (Fiuures 6.1-2 and 6.1-3)

For description purposes each unit will be categorized according to wheth-

er its function is related to: A) LED drive and control loop, B) Signal
processing electronics or C) Purchased subassemblies. Refer to Table 6.1-2.

6.1.4.1 LED Drive and Control/lLoop Units
6.%1.4.1.1 LED Drive and Amplifier

This network contains the drive circuitry for both the controlled
and reference LEDs and cperates in the following manner. The oscillator
output comes in to Board Bl through pin 7 to amplifier Al. This amplifier
removes any d.c. from the oscillator signal, is a high impedance to the
oscillator output, and provides a low impedance output to the drive net-
works. It has along with all other amplifiers in the OAMS system, ver:
icw offset and offset drift with temperature, low noise and high open loop
g¢in. The output from amplifier Al is supplied to the reference and to
the controlled LED networks.

Also supplied to these networks is a stable d.c. voltage to he summed
with the a.c. signal just described. The d.c. reference voltages are form-
ed on Board Bl in the following manner. Stable and temperature compensated
voltage reference labeled DCVR supplies a d.c¢. reference voltage which after
being attenuated to the proper value by a resistor network is supplied to
isolating amplifier A2. This unity gain amplifier with low output impedance
supplies a positive d.c. voltage for use in the controlled LED drive network.
The output of amplifier A2 is applied also to the input of unity gain invert-
ing amplifier A3. The output of amplifier A3 is a negative d.c. voltage for
use in the reference LED drive network.

The a.c. and d.c. signals are combined in the following manner in the
drive networks. The positive d.c. voltage from amplifier A2 is added to
the a.c. from amplifier Al and also the polarity of both are inverted in
summing amplifier A5. Amplifier A5 output is supplied through gain control
analog divider AD! with the same negative polarity to inverting amplifier
driver A6 with the driver output from transistor Ql on the chassis to re-
sistor Rl having a positive d.c. component. The negative d.c. output from
amplifier A3 {s added to the a.c. from amplifier Al and both {nverted in
sumning amplifier‘driver A4 with the output from transistor Q2 on the
chassis to resistor R2 on the chassis having a positive d.c. component.
Although tne d.c. voltage component across thesz resistors Rl and R2 on
the chassis is positive, the a.c. component has a 180 degree phase shift
between the two. This is true since the a.c. was first added to the posi-
tive reference in the controlled LED network and then the a.c. was added
to the negative reference in the reference LED network.
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The veitape reterence is an Analoe De ice ADYOS This component
will be replaced by & National Semiconductor IMI9YAH-20 853 precision
voltage referenced on the flight model OAMS This .cltacze reterence has
a temperature coeificient ot better than U ppo ¢ The AMENS has a
temperature coefticient better than 40 ppm °C All op-amps feature low
offset and low noise The andloy disrder is an Analoy Device ADLIBB
screenad to SAMSO requirements. TIhis divider ifr a module and has accur-
acy and elecirical specifications required t 1l ¢ OAMS system.

6.1.4 1 2 Reference and Controlle:t LEDS

These LEDs are located in the "ransmitter Thev ar: idenritied in
Tahle 6.1-73.

6.1.4.1.3 Synchronous Demoduiator lLow Pass Filter

Any signal at the channel frequenc. from the surminy amplitier R2-A}
leaves pin 9 on board B2 and enters B4 pin 10 to the synch.ronous demodu-
lator/lew pass tilter. The circuit operates in the following manner. Thre
signal from pin 10 on B4 passes throuuh capacitor C! and & resistor ret-
work to pin 3 on non-inverting and nnitv gain amplifiers Al and A2. Outputs
from A} and A2 are supplied to the differential input amplifier A3. <Chopper
transistors Qi and Q2 alternately and svanchronousiv uround the jnputs to
ampi®fiers Al and A2 at a time when the a.c signal is crossing zerv. The
outputs from Al and A2 are half wave rectiiied signals reversed in polarity
with the Al signal output occuring on one hall cycle and the A2 signal out-
put occuring on the following half cvcle. If these two signals were suwmed,
the original sine vave representing LED unbalance would he reproduced.

Theze two signals are suppliced instead to a differential input amplifier A7,
howeveor, and the single ended output is a full wave rectified si:nat which
is averaged to a d.c¢. vaiue in the following amplifier filter network con-

sisting of amplifier A4 and associated components. The filter characteristics

are described in Table 6.1- 1.
6.1.4.1.4 Conpensation Network

Following the low pass filter on bosard B4 is & lead compensation
netwotk for LED control loop stahility. 1t consists of resistors RiIl and
R20 &nd capacitor C4. The closed loop output imjedance of the filter
amplifier A4 {s very lcw and the clozed locp inpu. impedance to amplifier
AY to which the compensation network output gupplicy is verv nigh. This
impedance is such that the compensation network is ! ffected insignificant-
1y by its source and load.

6.1.4.1.5 Gain Amplificrs

On board 4 ampliffers AS and A6 with associated components increase
the loop gain of the LED control loop to minimize the L¥L unbalance to the
degre. required by the CAMS accuracy requirements. Two stages are requir-
ed to rediuce the phasge shift caused by the op-smps at the required closed
lcop gain,
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6.1.4.1.6 Phase Adjust Square Wave Cenerator Network

The square wave synchronous demodulator reference sipgnals supplied
to pins 7 and 15 on hoard B4 arc penerated on board B5 in the following

manner. Oscillator isolating amplifier Al on board Bl supplies an a.c.
sipnal from the oscillator through pin 18 on board BS to two phase ad-

just resistance-capacitance networks. One R-C network output is supplied
to isolating amplifier Al and the other to isolating amplifier A2. The
output from amplifier Al supplies an input to dual comparator A3 and
amplificr A2 supplies an input to dual comparator A4, both in the follow-
ing manner. The series RC networks act as loads and also prevent output

of fsets {rom amplifiers Al and A2. The parallel diode pairs connected

to the comparator inputs serve the following function. At low signal
levels where the input is crossing zero voltage, a diode pair will present
extremely high impedance to the input signal. This is desired since this
{s where the comparators switch and their input signals need to not be
attenuated. After the switching has occurred and the input has increased
in amplitude, however, a diode pair provides a charge-discharge path for
the capacitor connected to it. Thus the non-ilinear characteristics of the
diodes are utilized for optimum circuit opemtion. Square wave signal out-
puts leave the dual comparators A 3 and A4, one pair to the c¢ontrol loop
demodulator on hoard B4 and the other pair to the channel signal demodulator
on board B3, The two square wave signals in each pair have a phase differ-
ence of 180 degrees. Two pairs are required since the phase shifts of the
reference square waves relative to the oscillator input, are not the same
for the control loop pair and for the channel signal pair. The fast rise
time square wave comparator outputs are supplied through shielded wires to
their loads to prevent radiation or capacitave coupling to other networks
in the system,

6.1.4.1.7 Amplitude Limiting Network

Should the output from pin 20 on board B4 be small enough representing
large LED unbalance, the following events can occur. This output is the
control voltage to the LED balance analog divider located on board Bl. This
control voltage is the divisor of the analog divider and as the divisor de-
creages the divider output increases. At some point the LED driver output
driven by the divider will distort due to limiting or saturation. If this
happens even for a short period of time it has been found that the distor-
tion can cause the control loop to drive in the wrong directien and latch
up. This could happen during turn-on of the system. To prevent this condi-
tion the resirtor network consisting of R14 and R15 and the diode CRl were
added to provide a lower limit to this output from pin 20.

6.1.4.2 Signal Processing Electronics
6.1.4.2.1 Detector and Preamplifier

The three dual detector/preamplifier pairs are located in the recciver
and convert the incoming light to electrical signals for the channels. The

preamplifiers are located close to the detectors to eliminate noise and
pick-up. The detector signal 1s amplified and the pre-amplifier has low
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output impedance Lo noise and pick-up. The preamplifier is a current tLo
voltaye converter with the detector operating in the photovoltafc mode.
The operational amplifiers feature low noise voltage, swall output offset
and low output offsec drift with temperature.

0.1.4.2,2 Differential Amplifier, AGC Analog Divider an{ Gain Amplifier

Signal inputs to this network on board B2 are supplied by the detector/
preamp through shielded cable to pins 11 and 12 on board B2, The different-
ial amplifier consisting of amplifier Al with associated comporients differ-
ences the 180 dey-ee phase differenced a.c. signals which is the same as
adding them in phase, and amplifies the result. The d.c. 1is blocked by
capacitors Cl and C2. This signal {is further amplified by the non-inverting
stage consisting of amplifier A2 and associated components. Any d.c. offset
coming into amplifier A2 is blocked by capacitor C3. The output from ampli-
fier A2 is supplied as the numerator to AGC analog divider AD1. Here a
filtered and amplified sum signal, next to be discussed, is applied as the
denominator of the analog divider resulting in the divider having an output
signal independent of changes in light intensity as seen by the detectors.

6.1.4.2.3 Summing Amplifier, low Pass Filter and Gain Amplifier

Signals coming from the pair of channel detector/preamplifiers to
board B2 are added in the sum amplifier consisting of amplifier A3 and
associated components. Output from this stage is supplied to the low pass
filter consisting of amplifier A4 and associated components and also out
pin 9 to the LED control loop synchronous demodulator on board B4, The
iov pass filter just referred to has characteristics shown in Table ¢.1-1.
Output from the filter stage is amplified in the inverting amplifier stage
consisting of amplifier A5 and associated components. The gain of this
stage sets the operating point of the denominator of the analog divider to
which the stage output is conrnected. The analog divider output, next to
be discussed is supplied to the synchronous demodulator on board B3.

6.1.4,2.4 Synchronous Demodulator/Low-Pass Fifter

Signal from the AGC analog divider on board B2 is supplied through
pin 10 on “oard B3 to the synchronous demodulator on this board. This
synchronous demodulator/low pass fjiter operates in the same manner as
the one described in the section 1.ED Deive and Control Loop Units, The
filter characteristics are given i1 Table 6.1-1, The reference signals
are supplied by the Phase Adjust and Square Wave Generator network describ-
ed earlier i{n this gection.

6.1.4.2.5 thase Adjust and Square Wave Generator Network
The phase ad just and square wave generator network for the signal

processing electronics was described earlier with the similar one under
LED Drive and Control Loop.
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6.1.4.2.6 Digital Fanel Mcters

The output siegnals from the filters on tie thr. e channel boards B3
are applied to terminals J4-1% on the pane)l meters located on the chassis.
Three analog to digital panel meters {one per clarnel} are emploved for
the purpose of monitoring the angular difference hetwesr the trensmitter
and the receiver. The model number iz AN2545, a product of Analovic. The
accuracy is C0.017% &t 295 deprees centegrade. The display has five digits
with provisions for programmeble decimal point selection. Operating temp-
erature raage is -109C to +459C. Supple voltave is 117 volts, 30°#0 Hz.

6.1.4.3 Purchased Subassembiics

6.1.4.3.1 Oscillator

The oscillator provides three interlocked frequencies of $2% Hz,
Hz, and 3700 Hz all derived from the came tuning fork source. The 2iec
cal specificatious are as follows:

Qutput Frequency Accuracy: * 1%

Cutput Frequency Stabiliry vs Temp: <+ .1

Cutput Frequency Stability vs Time: + .1%7vear

Operating Temperature Range: -20°C to +60°C

Output Weve Shape: Each output shail have less than 17 disrortion

Gutput Wave Shape Stability vs Temp: Each output waveform shall
remain constant in amplitude within % $.17 (-20°C o +609C)

Output Wave Shape Stabiliiv vs Time: Fach ourput waverora shaldl
temain constant in ampiitude within + .1%/yvear

Oscillator Supply Voltage: + 7% VDC

Oacillator Power Consumption: As small as practical

MIBF = 0.5 X 10 exp + & hrs.

Useful life = {0,000 hrs. min.

7 {-20°C to +55°C)

A

6.1.4.:.2 Power Supply
The power supply has the following electricsl specifications:

Input: + 23 to + 34 VDC with @ + 56 volt traniient for 10 microseconds
at a rate of {ive per second as defined in MIL-T-8S83B, Secticn
328. HOTE: Chrysler is to provide the negative ,cotection b,
the addition of a 10 microfarad capacitor acrass the inpyt linus
along with a series diode with a breakdown voltége not less than
10¢ vbe,

Outputs: The following volitages with the following individusl cirsuir
capability shall be rrovided while miaintaining 8 maxinum 30
watts at 409C or 25 watts ar 100°C case temperature from all
four outputs.
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t
4+

. B 15V 1 7,902 Watts
) . 15V 4 7,902 Watts

+ 7.5V & 17.184 Watts
7.5 V& 3.684 Watts

NS
;5:2: Efficiency: Approximately 55% at rated load and 50%
N at one-third the above rated loads.
Ripple: 100 milivolts peax to peak.
. MIBF = 4.35 X 10 exp + 6 hours min.
) Useful life = 10,000 hrs min.
Wiring Diagram and Circuit Bouard layouts
T Figure 6.1-4 shows the complete wiring diagram for the electronic.
- unit and the interconnecting cables for the transmitter and receiver units.
T The circuit board layouts with the major componenis indicated by the
. reference numbers from the electronic schematic diagrams are shown in
. I Figures 6.1-2 and 6.1-3.
~
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6.2  ADVANCED BREADBOARD OPTICAL DESIGN
6.2.] Transmitter

The transmitter optical design is shown in figure 6.2-1. A simple
collimator is required to image the light emitting area of the LED at
infinity. The focal length of the collimator is adjusted to provide the
desired field of view (FOV) or angular beam spread. The design is some-
vhat complicated by the fact that as a unit, the LED's are not Lambertian
emltters, and the brightness or intensity as a function of angle of emiss-
ion differs greatly from unit to unit. Also, it has been found that the
emitting area is not of uniform brightness. Dark spots are not uncommon.

An objective lens is used to collimate the light emitted from the
LEDG. One-half of the light from each LED is transmitted in the appropri-
are polarization mode, by the Wollaston Prism. This linearly polarized
light is then changed to circular by the quarter wave plate. The light
from one LED is right-hand circularly polarized as it leaves the quarter
wave plate, while the light from the alternate LED is left-hand circularly
polarized as it leaves the wave plate. These two light forms are then
changed to elljptical as they pass through the angle sensing crystal (ASC).

In the previous phase a single collimating lens was used for the two
LED'; as shown in figure 6-2-la. However, in the present phase three
different LED's were found which have a higher output power. Consequently,
aftec some laboratory testing, these new LED's were selected for the flight
model cdesign. The new LED's, however, have a smaller effective emitting
area than the previous LED's and therefore require a shorter focal length
collionting lens for the maximum beam intensity. The optimum lens as de-
terrined from laboratory measurements was a lens of approximately 12.0
millimeters focal length. The lens is aspheric plano-convex and corrected
for minimum spherical aberration. This focal length is much too short to
use iy the configuration of 6.2-1a, because of the mechanical contraints
imposel by the physical dimensions of the LED's and their holders. There-
fore, a2 separate lens is required for each LED as shown in figure 6.2-1b.
Further details of this configuration are shown in the section on the
optical design of the flight model transmitter, section 7.2.1.

It was decided to incorporate this collimating lens modification into
one of the present channels. The pitch channel was selected for this modi-
fication. The pitch channels conform to figure 7.2-1b and the yaw channels
conform to figure 7.2-1a. The roll channel is also similar to figure
7.2-1a but with the omission of the angle sensing crystal. The improve- i
ments of the double collimating lens system over the single lens system
are shown in Table 6.2-1.
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Figure 6.2-1a. Advanced Brassboard Transmitter—Yaw Channel.
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Figure 6.2-1b. Advanced Brassboard Transmitter-Pitch Channel.
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TABLE 6.2-1
COLLTMATED LTGUT OUTPUT WITH VARTOUS LENS

RELATIVE PEAK ouTPur

LED 12 mm Aspheric 15 mm 20 mm
SLH-19B (M) 419 210 269
SLH-19B(N) 529 281 349
SLH~20A(N) 319 139 170
SLH=-20D(N) 659 249 322
SL-1162-3#1 659 381 495
SL-1162-3#3 517 537 709

In every case but one the maximum output was grestest using the
12 mm aspheric lens with each LED. A possible explanation is that spher-
ical aberration of the 15 mm lens (which is f/1) is greater than that of

the 20 mm lens and that the 12 mm aspheric has the best correction for
sperical aberration.

The output of the SLH-19 and -20s are very nearly Lambertian while
the S1.1162-3 LEDs are more directional. They have a reflector placed
near the emitting element which accounts for the "shoulders" in the in-
tensity output plots (Typical plots are shown in Figure 7.1-4). The fact
that the output of the #3 SL 1162-3 with the three lenses is not greatest
with the 12 mm lens may be due to this LED having a narrower angular out-

put and the faster lens is not intercepting any more light as in the case
of the other LED types.

The required field-of-view of 1.1 degrees was met or exceeded in
every case.

Mechanically, the eccentric mounting adjustment for the LED was rcmoved
because of: 1) the new LEDs had improved manufacturers mechanical tolerances
of positioning the active area and 2) shorter focal length lens were necessary
to increase collection efficiency, but would amplify the eccentricities. The
new lens collimating system was incorporated in the pitch channel. The
eccentric mounting is also removed from all of the channels in the flight
madel design,

Table 6.2-2 1s a listing of the components of the transmitter and
their specifications.

6.2.2 Receiver

The receiver optical design ic shown in figure 6.2-2 and table 6.2-3
which gives the dimensions of the elements. The first clement is the angle
sensing crystal (ASC). This element is omitted in the roll channel and is
replaced by a plane window. The angle sensing crystal is two miliimetcrs
thick, which provides an optical pain at the nominal system wave=
length, (The gain does not vary significantly over the different channel
wavelengths). The Wollaston prism is next, followed by an interference
filter, Off-the-shelf filters were selected for each channel such that the
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transmission versus wavelenytl, characteristics provided the least cross
coupling between channels. The elemen.s up to and including the filter
are plane-parallel components having zera power and do not onter si~aifi-
cantly into the optical design.

The system stop is locaived at the {irst surface of the instrument
faceplate. Tt is approximately 13.0 millimeters in front of the Angle
Sensing Crystal. Subsequent ray trace calculations have shown that place-
ment of the stop at the first surface of the Wolisston Prism will signifi-
cantly reduce vignetting ar? reduce channel crose-coupling particulartly
in translation. The stop has been repositioned in the flight model design.

The optical detectors are RCA C30852 single-element silicon photo-
voltalc photodiodes. The detectors are posicioned slightly eway from the
objective lens focal plane. By slightly diifusing tire light spot on the
detector local wsria*t’ons of responsivity across the detector can be
reduced »




6.3 MECHAJNICAL DESIGN

6.3.1 Mechanical Design - General

Three assemblies are required for the sensor, a transmitter, a
receiver and electronic unit, the units being positioned remote to each
other as shown in figure 6.3-1. The transmitter and receiver mechanical
agsembiies are shown in figures 6.3-2 and 6.3-3. These assemblies each
contain an optical package and an ¢lectronics package; the electronics
packaye can be removed from the optical package without changing any opti-
cal component alignment.

The transmitter and receiver assemblies are hermetically sealed
and the sealed containers will be purged with an inert gas prior to fill-
ing to a low pressure. Therefore, components of the transmitter and re-
ceiver assemblies would not be exposed to space vacuum conditions. This
will prevent outgassing from surrounding comnponents or from the optical cor-
ponents themselves from affecting the quality of the optical components.
Outgascing on lens and angle sensing crystal faces would cause image blur
and light transmission loss.

The reference surfaces (optical) are aligned witr, an autocollimator
for the transmitter and receiver assemblies. The two assemblies are clamp-
ed to their respective reference platforms or positions, and autocollimated
to each other to give a parallelism accuracy between the reference surfaces
of + 0.001 inch.

The required thermal stability that is necessary to obtain the accuracy
ot 2lignment is provided in the mechanical and structural configuration.
This configuration has characteristics that allow a single unit construction
matching capability. The multi-component mounts are positioned in cylindri-
cal holders to ease the optical axis alignment problem. The thermal comn-
trol of the sensor is 2ccomplished by passive methods using the structural
material (aluminum allcy) and, if reeded, thermal coatings to give the de-
sired amount of conduction and radiation as a means of heat transfer.

The angle sensing crystals which are the critical optical elements
are so constructed that the iwo axes that rre 90° apart have the same
thermal gradient. Therefore, the temperature range requirement will have
nc « f{fect on the angle sensing crystal measuring stability, provided that
the ~lements of the angle sensing crystal are mounted together. This
assures a uniform distribution of temperature

6.3.2 Transmitter Design

The main transmitter housing is bored out from a one piece block of
aluminum, into which the angle sensing crystais are hard mounted for the
three channels. The shoulder, to which the angle sensing crystals are
britted, have been machined and lapped to 8-12 micro inches, into this
shoulder is the "0" ring groove which allows the compression of the "O" to
completely fill the volume of the groove when the a3ple sensing crystal
bottoms on the hcusing shoulder. Behind the angle sensing crystal is the

quarter wave plate, spaced btetween these elements is a teflon shim or washer.

This subassembiy is clamped together by a threaded lock ring. The complete
assembly is backed up by a wave spring washer. The amount of compression

6-25
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that is applied to the complete assembly through the wave spring wesher
allows the angle sensing crystal to bottom onto the lapped surface of
the main housing.. This pre-assembled unit is positioned in the main
housing and locked in position with screws, using dowel pins as guides,
apainst the back face of the main housing. The Wollaston, collimating
lens and light source are a pre-aligned assembly unit and are positioned
in the main housing by pressure from a wave spring washer and a lock
ring. The angle sensing crystal is also held ian position by the load
applied by the wave spring washer and the tront mounting plate. One of
the assemblies, with its an ie sensing crystal and qusrter wave plate,
is used for each of the lateral axes (see figure 6.3-2), This assembly
has provision to align the Wollaston prism, collimating lens and the
light emitting diodes (LEDs). This mechanical adjustment is required

to allow for toierances in the Wollaston divergence angle (off-the-shelf
Wollaston have -~ 2° tolerance on divergence angles). The adjustments
for the Wollaston prism are line of sight positioning and rvil. The LED
and its collimating lens have mechanical movement adjustmeats relative
to each other. The coillimating lens is used ac the fixed reference,

and the LED ~an be adjusted along the line of sight for fncusiny the
collimating lens on the light emitting area ia the LED. The light emit-
ting area is not necessarily equally spaced around the mechanical center
line; to adjust for this the LED is mounted in two eccentric sleeves.
This allows the LED to be rotated until the light emitting area ceater-
line is positioned on the optical axis. When the adjustments have been
completed, a sleeve and jam nut lock the assembly in position. The
LEDs are mounted directly in a special sleeve that will allow the heat
generated to be conducted away to the main housing,

6.3.3 Receiver Design

The main receiver housing is bored out from a one pfece block of
aluminum, into which the angle sensing crystals are hard mounted for the
three channels {figure 6.3-2). The shoulder for the angle sensing crystal
is machined and lapped to 8 - 12 micro inches; into this shoulder is the
"0" ring groove which allows the compression of the "0" ring to completely
fi1l the volume of the groove when the angle sensing crystal bottoms on the
housing shculder. This sub-assembly is clamped together by a threaded
lock ring. ""his complete assembly is backed-up by a wave spring washer.
The amount of compression that is applieu to the complete assembly, througn
the wave spring washer to allow the angle sensing crystal to bottom onte
the lapped surface of the main housing, is provided by the housing of the
gsub-assembly holding the Wollaston prism, objectives lens, field stop, and
detection and its field lens. This pre-assemnled unit is positioned in
the main housing. It is locked in position with screws, using dowel pins
ag guides, against the back face of the main housing. The wave spring
washer is compressed to give the a.rle sensing crystal the hard mounting
against the lapped surface. One of ti.cse assemblies with its angle sensing

6-29
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crystal is used for each ot the lateral axes; see figure 6,3-3. The
assemblv has provision to align the prism with itz objective lens to
the detector and its field lens. This mechaaiical! adjustment is required
to allow for tolerances in the prism divergence angle (off-the-shelf
Wollaston prisms have + 2° tolerance on divergence angles). The adjus:-
ments for the Wollaston orism and its ohjective lens are axiai: and roll.

The detector and its field lens have mechanical adjustments for
movement relative to each other. The field lens is used as the fixed
reference, and the detector can be adjusted along the line of sight for
focusing the field lens on the avtive area of the deiactot. The acrive
area is not necessarily equzlly gpaced atound the mechanical center
1ine. To adjust for this the detector is mounted in two eccentric sleeves.
This allows the detector to be rotated until the active area center line
is poaitioned on the optical axis. When the adjustwents have been com-
nleted, a sleeve and ;&m nut lock tlie asgembly in position.
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7.0 FLIGHT MODEL DESIGN

7.1 FLIGHT MODEL, ELECTRONIC DESIGN

The electronic circuits fc~ the flight model OAMS will be the same
as for the advanced brasshoard. Schematics are shown in Figures 6.1-2 and
6.1-3. The circuit lavout and number of printed circuit cards will of
course be different Lhan shown on the schematics for the advanced brass-
board. Components, to be discussed later, will be the same type with the
onlv difference beinjy that flight model parts will be screened to a high
reliability level. The digital parc] meters used ror visual readout on
the advanced brasshoard will not be present on the flight model OAMS. The
channel outputs will be available {or use in analog form.

The OAMS electronic package shown in Figure7.l-l1 will contain three
similar printed circuit cards, one for each charnel. Mounted toward the
rear or tne end containing electrical connectors will be the power supply,
the osc’llator and an electrclytic capacitor for the power supply. Power
transistors {or the LED drivers are mounted on the chassis at the rear and
use the package container itself for heat dissipation. A preliminary com-
ponent layout for the printed circuit cards is shown on this drawing along
with preliminary package components.

An assembly showing the electronic package, transmitter and recuiver
and connecting cables is shown in Figure 7.1-2 for a base mount and in figure
1.1-3 for a back mount. Connector identification is shown on the package.

Located in the receiver will be the detectors and their preamplifiers.
This results in a reduction in noise pickup since the preamplifiers are
mounted next to the decectors and also a reduction in noise pickup on the
output cables due to the low cutput impedance of the preamplifiers. The
metal container its21{ is a good shield for these components where it is
necessary for noise to be a8 minimum.

All electronic components for the flight model OAMS system are
either established reliability parts or where none were available they
are commercial parts tested to the appropriate military specifications.
The power supply and oscillator subassemblies meet also the appropriate
military specifications along with their internal individual components.
Specifications for the parts are given in the following subsection.
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Specifications of Components

INTEGRATED CIRCUITS, OP-AMPS, PMI OP07-068J

MIL-M-38510 Equivalent as follows:

Screened Lo MIL-STD-883A, Level A with the exception of "A" visual

which will be to Level "B'" and consequently Hong Kong assembly.

SEM not included.

SAMSO-STD 73-2C SCREENING REQUIREMENTS

Internal (Precap) Visual Examination
Parameter

Acceleration

Hermetic Seal

High Temp Reverse Bias

High Temp Storage/Stab

Power Burn in/Stab

Temp cycle/thermal shock
Radiographic inspection

Radiation

Scanning electron microscope
External Visual Examination
Destructive Physical Analysis
Internal Lead Pull Test

Particle Impact Noise Detection (PIND)

Exceptions to SAMSO-STD 73-2C Screening Requiremen:

High Temp Reverse Bias

Radiation (Nuclear)

Scanning Electron Microscope (SEM)
Destructive Physical Analysis
Internal Lead Pull Test

DESC Approved

MODULE, ANALOG DIVIDER, COMMERCIAL DEVICE WITH SPECIAL SCREENING.

MIL-M-38510 Equivalent as follows:

Screened to MIL-STD-883A, Level "A" as follows:

1) Bake

2) Temp Cycle

3) Visusl

4) Serilization

5) Electricals at 25°C
6) Burn-in




7) Electricals at 25°C, Min and Max Temps.

8) X-Ray
9) Visual
Fxceptions:
Acceleration
Seal

High Temp Reverse Bias

Noise and Bandwidth will not be performed during electricals.
A waiver letter for this device was sent to SAMSO 23 November 1976.

SAMSO-STD 73-2C Screening Requirements:

Internal (Precap) Visual Examination
Parameter (Active)

Accelleration

Hermetic Seal

High Temp Storage/Stab

Power Burn in/Stab

Temp Cycle/Thermal Shock
Radiographic Inspection

Radiation

Scanning Eleztron Microscope
External Visual Examination
Destructive Ptysical Analysis
Internal Lead Pull Test

Particle Impact Noise Detection (PIND)

Exceptions to SAMSO-STD 73-2C Screening Requirements

Accel

Hermetic Seal

Radiation (Nuclear)

Scanning Electron Microscope (SEM)
Destructive Physical Analysis
Internal lLead Pull Test

DESC Approved

SUBASSEMBLY, SPECIAL OSCILLATOR, BULLOVA
MIL-M-38510 Class A as applicable Monolithic Devices
MIL-STD-883 Class A as applicable Monolithic Devices
MIL-E-8983B as applicable Electronic Equip. for Unmanned Space Vehicles

MIL-S-19500 as applicable Semiconductors
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Failure rate "S'" for resistors and capacitors.
Equivalen of these specification is acceptable

Screening to SAMSO-STD 73-2C for components in the oscillator will be
the same as for parts used by Chrvsler.

SUBASSEMBLY, POWER SUPPLY, POWER CUBE
MIL-M-38510 Class A Monolithic Devices
MIL-STD-883 Class A Monolithic Devices

Failure Rate "S" for resistors and capacitors.
JANTXV For Semiconductors.

Equivalent of these specifications is acceptable.

Screening to SAMSO-STD 73-2C for Components in this power supply will
be the same as for parts used by Chrysler.

Resistors, 1 watt, RNC7SEXX:(XBS
MIL-R-55182E/10
Resistors, % watt, RNC6SEXXXXBS
MIL-R-55182E/5 v
SAMSO-STD 73-2C SCREENING REQUIREMENTS

DC Resistance

Hermetic Seal

Temp Cycle/Thermal Shock

Power Voltage Conditioning

Overlead

Radiographic Inspection

External Visual Examination

Exceptions to SAMSO-STD 73-2C

Power Volta&ge Conditioning
Radiographic Inspection

DESC Approved

CAPACITORS, CERAMIC DIELECTRIC

MIL-C-11015/12

e i ¢ < 7 e
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SAMSO-STD 73-20 Sctreening Requir. unts

Internal (Precapy Visual Examination
Capacitance

Insulation Resis’ance
Power/Dissipation Factor/G

Temp Cycle/Therm 3hock

Power Voltage Cond!tioning

De-Aging

Radiographic Inspection

External Visual Examination
Destructive Physical Analysis

Exceptions to SAMSO-STD 73-2C Screening Requirements

Internal (Precap) Visval Examination
Thermal Shock

Power Voltage Conditioning

De-Aging

Radiographic Inspcction

Destructive Physical Analysis

DESC Approved

CAPACITORS, MICA DIELECTRIC
MIL-C-79001/5
SAMSO-STD 73-2C Screening Requirements

Capacitance

Dielectrir Withstanding Voltege
Insulation Resistance
Power/Dissipation Factor/Q
Hermetic Seal

Temp Cycle/Therm Shock

Power Voltage Conditioning
External Visual Examination
LCestructive Physical Analysis

Exceptions to SAMSO-STD 73-2C Screening Requirements
Hermetic Seal
Power Voltage Conditioning
Destructive Physical Analysis

DESC Approved

W A Y
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CAPACITOPS, METALUIZED POLYCARBONATE
MiL-C-55516A74
- SAMS0-STD 73-2C Screening Requirements

Capacitance

Tneulation Resistance
Powex/Digeipation Factor/Q
Temp. Coefficient

Hermetic Seal

Temp Cycle,/Thern Shock
Power Voltags Condliiioning
Radiographic Ingpection
Exterral Visual Examination

Exceptions to SAMSO-STD 73-2C Screening Ragquirements

Temp Coefficient

Rermetic Seal

Power Voltagze Cenditioning
Rad{ographic inspection

DESC Approved

CAPACITORS, SOLID TANTALUM
MIL-C-39003/1
SAMS0-STD 73-2C Screening Requiredents

Canacitance

DC Leakaz2

Powex/Dissipation Factor/Q
Hermetic Seal

Temp Cycle/Therm Shock

Power Voltage Conditioniig
Radiographic Inspectiun
Extecnal Visusl Examination
Destructive Fhysical Analysis

Exceptions to SAMSO<STD 73-2C Screening Requirements
Hermetic Seal

Power Valtage Conditiovning
Deatructive Physical Analysis

R DEEC Arproved
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CAPACITOR, ALUMINUM ELECTROLYTIC

MIL-C-39018/3
Not included in SAMSO-STD 73-2C Screening Matrix

DESC Approved bty Telecon but Limited Application for SAMSO.

1. Comparator, National Semiconductor LM119D/883
2. Voltage Reference, National Semiconductor LM19SAK-20/883

MIL-M-33510 Class A Equiv. with exception that will not be processed
to Notice Z of MIL-STD-883 Class A

SAMSO-STD 73-2C Screening Requirements

Internal (Precap) Visual Examination
Parameter
Accelerat’ -n
Hermetic Seal
High Temp Rever:i:e Bias
High Temp Storage/Stab
Power Burn In/Stab
Temp Cycle/Thermal Shock
Radiographic Inspection
Radiation
Scanning Electron Microscope
External Visual Examination
Destructive Physinal Analysis
Internal Lead Pull Test
Particle Impact Noise Detection (PIND)

Exceptions tc SAMSO-STD 73-2C Screening Requirements

High Temp Reversc Bias

Radiation (Nuclear)

Scanning Electron Microscope {SEM)

Destructive Physical Analysis

i Internel Lead Pull Test
VESC Approved
Transistor, Siyual: JANTXV2R30574
MIL-S-195C0/391
Transistor, Chopper: JANTXV2N2432A .

MIL-8-19500/313

- 5o
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Transistor, Medium Power: JANTXV2N3756

MIL-S-19500/518
SAMSO-STR 73-2C Screening Requirements

Internal (Precap) Visual Examination
Parameter (Active)

Acceleration

Hermetic Seal

High Temp Reverse Bias

High Temp Storage/Stab

fower Burn-in/Stab

Temp Cycle/Therm Shock

Particle Impact Noise Detection (PIND)
Radiographic Insvection

External Visual Examinatjon
Deetructive Phvsical Analysis
Internal Lead Pull Test

Exceptions to SAMSN-STD 73-2C Screening Procedures
High Temp Reverse Bias
Radicgraphic Inspection
External Visual Examinatiou
Destructive Physical Analvsis
Internal Lead Pull Test
Exceptions to SAMSO-STD 73-2C Screening Procecures
Righ Temp Reverse Bias
Radicgraphic Inspection
Destructive Physical Anslysis

DESC Approved

Diodes, Signal: JANTAVINAG153
MIL-S-19500/337
Diodes, Rectifier: JANTH{VINS5613
MIL-5-19500/427
SAMSO-STD 73-2C Screening Requirements:
Intzrnal (Precap) Visual Examinetion
Paramerer (Active)
Acceleration

Hermetic Seai
High Temp Storage/Stab
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Power Burn- i/Stab

Temp Cvele/*herm Shoct
Radiographi. Inspection
Externa? Visual Exemination
Destructive Physical Analysis

Exceptions to SAMSO-STD 73-2C Screening Requirements

Radiograohic Inspection
Destructive Physical Analysis

ELECTRICAL CONNECTOR, PYGMY, MS3114H--and M53116F--

MIL-C-26482

To be appruved by DESC

P.C. CONNECTORS
MIL-C-55302/57A
MIL-C-55302/588B

DESC Recommended by Telecon
HOOK UP W1RE, 22 AWG
MIL-W-81044/4

DESC Recommended by Telecon

SHIELDED CABLE, LOW CAPACITANCE, TWO CONDUCTOR, EC22U9-0STX

MIL-C-55021/2
COAXIAL CABLE, MINIATURE, MZ750028MBITIO
MIL-C-27500

DESC Recommended by Telecon

DETEC.OR, SILICON PHOTO DIOLES, RCA C30852
Screened to MIL-STD-8C3A as follows:

1} Method 2002.1 Cond. D
2) Metnod 2005 Cond. B

3) Method 1010.1 Cond. B

4) Method 2001.1, Y1 Axis only, Cond. D.
5) Method 1014.1 Cond. B, C1,C2

7-12
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LED, GaAs, T.I. SL-1162-4
LED, GaAlAs T.I. SLH-19
LED, GaAlAs T.I. SLH-20

Screened to MIL-STD-750 Methods 2005 and 4011.

random vibration in accordance with prime item development specification
CEI No. 73-6, Release Date June 30, 1975.
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7.2 PFLIGHT MODEL OPTICAL DESIGN

7.2.1 Transmitter Optical Desivn - veneral

The OAMS transmitter design is shown in figures 7.2-la and 7.2-1b.,
Figure 7.2-%a {liustrates the optical design of the roll transmitter anc
figure 7.2-1b that of the pitch and yau transmitter channels. The light
from the two LED's is collimated by the two aspheric collimating lenses.
The focal length of the lenses is chosen with regpect to the effective
LED emitting area such that the total beam spread is approximately 1.1
degrees in diameter.

The light emitted by the LED is non-polarized. One-half of the
light in the appropriate polarization mode is transmitted by the Wollaston
Prism. Two orthogonally polarized and coincident beams exit from the
Wollaston Prism. The other polarization forms, i.e. the other half of the
light from each LED, exits the Wollaston Prism 20° from the axis and is
absorbed by the transmitter wails. This light is lost &nd does not leave
the transmitter.

The axis of the Wollaston Prism and therefore the direction of
polarization of the emitted light from the Roll transmitter are fixed
relative to the transmitier body. This direction is the reference from
which the twist or roll of the receiver is measured.

The two lateral channels, Pitch and Yaw, are similar to the Roll
channels with the addition of two other components: the quarter wave piate
and the Angle Sensing Crystal. These components appear in each of the
lateral channels and are used tv define a reference axis for each channel
about which pitch or yaw is measured.

The quarter wave plate changes the linear polarized light into
circularly polarized light. Since the light from each of the LED's is
mutually orthogonal, the light from one LED i8 right-hand citcularly
polarized as it leaves the quarter wave plate, while the light from the
alternate LED is left-hand nircularly polarized. The system is modulated
by sinusoidally varying the intensities of the LED's, with each LET ueing
modulated 180 degrees out of phase with the other.

The Angle fensing Cryscal, ASC, encodes the light with respect to
jts direction within the 1.1 degree beam spread. The Augle Sensing Crystal
behaves as a wave plate or optical retarder {n which the retardation is a
funcrion of the angle of incidence on the crystal. The light within the
center of the transmitter beam enters che Angle Sensing Crystal at normal
incidence and is unchanged. This light leaves the transmitter circularly
polarized. Elsewhere, within the 1.1 degree beam spread the lipght strikes
the Angle Sensing Crvstal at a non-normsl angle of incidence, and its
polarization state is altered. The lignt becomes more and more elliptice
ally polarized toward the edge of the beam.
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WOLLASTON PRISM

COLLIMATING LENS

Figure 7.2-in. OAMS Flight Model Optical Design - Roll Channel Transmitter.

COLLIMATING (ENS
A/4 WAVE PLATE

\\ \ \WOllASTON PRISM %

4RGLE SENSING CRYSIAL

Figure 7.2-1b. OAMS Flipht Model Optical Design - Lateral Chamnel Transmitter.
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Figure 7.2-2 jllustrates the results of ray !race calculations.

In the ray trace five equally spaced rays are shown coming from the
LED source. AL the Wollaston Prism each of these rays is split into its
two polarization forms. Une of the polarization forms is refracted along
the tine of sight of the ‘nstrument, while the other form is deviated to-
ward the internal walls of tu» structure. The internal walls are black
anadized aluminum, and the refiected light is reduced to a negligible in-
tengity after two reflections A portion of this undesirable polarization
form does leave the instrument through the Angle Sensing Crystal (ASC)
after only one reflection. However, this light is reflected approximately
twenty degrees from the iine of sight between the transmitter ard receiver,
and cannot enter the receiver unless re-reflected from an external surface.

Table 7.2-1 lists the transmitter optical components and their
specifications. A detailed description of the major components follows.

7.2.1.1 LED's and Collimating Lenses

The optical design of the Flight Model LED and collimating section
differs from that of the advanced Brasshoard design in that a separate
collimating lens is utilized for each LED. This was necessary in order
to accommodate the smaller effective emitting area of the LED's used in
the Flight Model. The smaller emitting area requires a smaller focal
length for the collimating lens to achieve a given beam spread.

The focal length of the LED collimating lens must be such that the
lens images the LED emitting surface at infinity with the image sustending
1.1 degrees. 1In addition the diameter must be as large as possible, con-
sistent with the meclanical constraints, to provide for maximum beam in-
tensity or light collection efficiency.

The following LED's are selected for each channel; the peak emission
wavelength is also shown:

Pitch S1H -~ 19 810 nm
Yaw SLH - 20 850
Roll SL~ 1162-3 935

The effective emitting area of thc 1LID's is such that a collimating lens

of focal lcngth of approximately 12.0 mm provides an adequate beam diameter
of 1.1 degrees or more. This focal length images the central emitting arsa
of the LED. The internal reflector in the LED is not imaged within the 1.1
degree beam. If a large focal length collimating lens is used such that
the reflector is imaged within the beam, very large intensity variations
(greater than 50%) are usually encuntered across the beam. This is cauced
by a dark ring between the emitting area and the reflector. This dark

ring is imaged into the far field of the transmitter.

A 12.0 mm effective focal length lens, 15.0 mm in diameter is found

to be optimum for the above LED's. An anti-reflection coated aspheric lens is
used to reduce the effects of spherical aberration. :
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Figures 7.2-3 and 7.2-4 are tvpical beam profiles using diflerent
tenses.  These fipures illustrate the LED/lens combination inteusity as
a function of anpular direction. The intensities in each profile are
shown on a relative scale for a plano-convex lens and an aspheric lens of
approximately the same focal length. 1In all cases the aspheric lens pro-
vides for a greater on-axis intensity chan the simple plano-convex i2ns.
In the lateral channel TED, figure 7.2-3, the increase is over one-hundred

percent. In the roll channel, figure 7.2-h, rhe incrcase is approximately
forty percent.

7.2.1.2 WVollaston Prism

The details of the behaviur of a Wollasten Prism are available in
almost any basic optics text. Basically, as shown in figure 7.2-5, the
prisn. acts as a beam divider and separates an incoming beam into two beams,
the intensity of each being the intensity of the two orthogonal polariza-
tion forms representing the initial beam. The two emerging beams are sep-
aréted by an angle which is a function of the prism wedge angle.

The Wollaston Prism must be made from 8 material with the proper
birefrigence, which in the present case is Calcite. The cement used to
bind the two prism wedges together must be carefully selected for the re-
quired temperature range. Calcite is a brittle material when compared to
glass. Most ordinmary optical cements which adhere to military specification
MIL-A-3920B when applied to glass are not suitahle when the substrate mater
fal is calcite. The majority of the available optical cements corresponding
to the above MIL-spec will cause the calcite to crack over the OAMS opera-
tional temperaturec range. Consequently the Wollaston Prisms are fabricated
with a cement manufactured by Dow Corning, XR-6-3488. This cement, while
not rated to MIL-A-3920B, has been shown to be adequate when applied to
calcite. The manufacture's temperature specification for the three cemented
ojtical components of OAMS is shown in Table 7.2-2. 1In all cases the manu-
facturer's specifications cxceed the OAMS requirements.

The beam divergence of the Wollaston Prism is 20° + 0.5% and the
entrance and exit faces are coited with a broad band anti-reflection coat-

ing providing less than 1.57% surface reflectivity between 0.78 and 0.97
m crons.

7 2.1.3 Quarter Wave Plate

The quarter wave plate is oriented relative to the Wollaston Prism
such that the plane polarized light emerging from the Wollaston is converted
to circular polarication. Since the planes of polurization of the light
from the two LED's are oriented 90° relative to each other, the wave plate
converts the light from one LED foto right hand circularly polarized light
and other LED {s converted into lett-hand circularly polarized light.
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Linear Intengity Scale

Req tired OAMS Beam Spread, 1.1°

12 mm Aspheric Lens
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Figure 7.2-3. LED iIntensity Profile, SLH-20 #D.
Lincar Intensity Scale

Required OAMS Beam Spreac, 1.1°

/-12 mm Aspheric Lens

15 mm Plano-Convex Lens

e

Figure 7.2-4. LED Intensity Profile, Sl-1162-3 #3.
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The wave plates are made oif micva cut to the required thickness to
provide a zero order retuvdation at the proper wavelength. The mica is
then crmented between two pieces of grade A optical crown for protection.
See Table 7.2 -2 for the cement tempuxature specifications. The retarda-
tion is one-yuarter wave at tne following wavelengths:

Piich 810 nm
Yaw 850 nm

Both exposed sucfaces are broadband, anti reflection coated for 1 5 per
cent reflectivity or less.

7.2.1.4 Angle Seﬁsing Crystal

The Angle Sensiug Crystal consists of cwo crystalline quartz plates
cexented trogether, with the opticai axes of each plate having the proper
relative orientations as described in the CEI specifications. The crvstal-
line quartz conforms to MIL-G-174A, Grade A The totai thickness of the
Angle Sensing Crystal is 3.0 millimeters (+ .025 m). This thickness is
chosen to provide for an adequate wnstrument field of view.

The angular encoding is performed by the Angle Sensing Crystal, the
encoding being in the form of an optical retardation which is a function
of angle of incidence. The range of angles over which the encoding or re-
tardation is unambiguous is termed the Angle Sensing Crystal Field of View.
This field of view is a function of crystal thickness and wavelength. The
fields of view for each channel (lateral channels only) for a 3.0 milli-
meter thick crystal are:

pitch 810 nm 1
yaw 850 nm 1.98

These fields of view are chosen to be sufficiently larger than the
required OAMS measurement range (+ 0.25 degree). This selection provides
adequate system linearity, since the encoding or retardation of the Angle
Sensing Cryscal with respect to angle of incidence becomes non-linear as
the angle of incidence approaches the edge of the crystal field of view.

The two quartz plates which comprise an Angle Sensing Crystal are
cemented together with Kodak adhesive WES-1 which i5 a modified metha-
crylate suitable over the temperature range -65° to 160°F. This is within
tha OAMS operation, storage and transportation temperature requirement of
-40° to 169°F, see Table 7.2-2.

7.2.2 Recefvzr - Ceneral

The CAMS receiver design is showm in figures 7.2-6a and 7.2-6b.
Figure 7.2-6a {llustrates the optical design of the roll receiver and
figure 7.2-6b that of the pitch and yaw receiver channels. 1In the pitch
and yaw channels the first optical element is the Angle Sensing Crystal (ASC)
which defines the axes about which the angles are measured and provides the
cprical angular encoding.
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DETECTCR

OBJECTIVE LENS

FILTER

WOLLASTON PRISM

Figure 7,2-6a., OAMS Flight Nodel Optical Design - Roll Chennel Receiver.

DETECTOR

\ .

\ OBJECYIVE LEKS
ANGLE SENSING CRYSTAL ILTER

WOLLASTON PRISMK

Figure 7,2-6b, OAMS Flight Model Optical Design - lateril Channel Receiver,

7-24




» -

~am,

————

The Wollastor Prism immediately tollawing the Anple Sensing Cryestal
splits the liyht anto its two polarization componenis, each being direct-
cd through a filter and a lens which focuses cach component onte the
appropriate detector. An optical interference filier allows only light
from the appropriate transnitter channel to reach the detectars.

The pla.s-convex dens focuses the light on cach of ihe two
detecters.  The detectors, however, arc placed slightly out of focus to
redace che effects of local surface irregulariti~s on the detector.

The roll channel does not contain an Angle Sensing Cryvstal and the
axes of the Wollaston Prism are oriented 45 degrees relative to those of
the Wollaston Prism in the transmitter. Also the c(enter wavelenyth of the
optical filters are different for cach channel. 1In all other respects,
the roll receiver channel is identical to that of the other receiver
channels. :

Figure 7.2-7 shows the results of the receiver ray trace. The rav
trace shows only the on-axis rays. An aperture <top is included just be-
fore the Wollaston Prism which limits the clear aperture to approxirsately
one inch in diameter. 7This is required to eliminate vignetting within
the prism itoclf. Without the stop the vignetting would cause a portion
of the light in onc or the other polarized beams to strike the sides of
the Wollaston instecad of rcaching the approximate detector. This would
create the samc cffect as a detector unbalance.

Table 7.2-3 lists the receiver optical components and their speci-
fications. A detailed description of the components follows.

7.2.2.1 Angle Sensing Crystal

The Angle Sensing Crystais in the receiver lateral channcls are
identical to those in the transmitter lateral chiannels cxcept tor size.
The receiver Angle Sensing Crystals are 31.8 mm in diamei er as opposed to
25.0 mm in diamcter for the transmitter angle sensing crystal. The thick-
ness in both cases must be indentical in order to minimize cross coupling
when the receiver and transmitter are translated reclative to each other.

7.2.2.2 Wollaston Prism

The major differences between the receiving Wollaston Prism and the
transmitter Wollaston Prism are the size and Lhe divergence anulc of the
two polarized cxit beams. The recciver Wollaston Prism aperture is 15,0 mm
on a side which is smaller than that of the transmitter. The divergence
angle is 15°. This larger divergence angle is chosen to accommodate the
detector sizes and associated detector mounting components which are larger
than the LED's and the LED mountings in the transmitter. The “chavior of
the receiver Wollaston Prism is the same as in the transmitier. The poiar-
fzation state of the light received irom the transmitter is chanued by the
Angle Sensing Crystal according to its angle of incidence. The Wollaston
Prism divides the light from the Angle Sensing Crystal into two beams, the
intensity of each depending of the pclarization state of the incoming beam.
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7.2.2.3 Focusing Lens

A plano-convex lens of 64.0 mm focal lengti. follows the Wollaston
Prism in each of the receiver channels. The purpose of the lens is to
focus the light from the Wollaston Prism onto the detectors. The focal
length is chosen so that the focused spot falls within the detector sensi-
tive areca (5 mm in diameter) for light entering the receiver at all angles
within the field of view. As shown in figure 7.2-8 the detector sensitive
area i3 placed approximately 2.0 millimters behinc the focal plane of the
lens. The light spot falling on the detector is approximately 0.8 milli-
meters in diameter. By spreading the light over a lerger area instead of
maintaining a sharp focus, the effect of localized variations in detector
sensitivity is reduced.

The lenses are optical crown plano-convex and are coated for less
than on: percent reflectivity.

7.2.2.4 Detectors

The optical detectors are RCA C30852 single-element silicon photo-
voltaic photodiodes. The detectors are supplied with a protective glass
window. This window is coated for lw :election losses over the design
wavelengths. This increases the effective detector responsivity an¢ hence
the system signal to noise ratio.

The detectors are specially enhanced by the manuiacturer for
opcration at near infrarsd wavelengths.
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7.3 MECHANICAL DESICN - FLIGHT MODEL

The three assemblies that arc required for the sensor are found in
figures 7.1-2 and 7.1-3. Figure 7.1-2 shows the flight model design with
the transmitter and receiver assemblies beirg base mounted. This config-
uration allows the transmitter and receiver head to be mounted directly to
the table or surface on which the equipment being monitored is attached.
The fitting of the OAMS equipment in this base mounted configuration
allows for fixing either by straps around the body of the sensing heads or
fixing bolts through the mounting structure directly into the end plates
of the sensing heads.

Figure 7.1-3 shows the flight model design with the transmitter and
receiver assemblies being back mounted. The configuration allows the t.,ans-
mitter and receiver heads to be mounted directly to the equipment being
monitored. The fixing of the OAMS equipment in this back mounted configu-
ration allows for fixing bty hard mounting to three machined buttons at the

back of the sensing heads. 1f required a combination of both fixing methods
could be used.

Figures 7.3-1 and 7.3-2 show the details of the transmitter and receiver
heads in the back mounting configuration. The basic design for the transmitter
and receiver heads for the two mounting configurations is the same as in the
advanced brassboard model. The outer housings are different due to the
geometry of the siounting configurations. With the new optical design in the
flight mod2ls the need for the mechanical eccentric mo<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>